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ABSTRACT
P i t h  to  b a r k  wood s p e c i f i c  g r a v i t y  (SG) t r e n d s  w ere  m easu red  in  
t r o p i c a l  t r e e s  and  com pared w ith  t r e n d s  fo u n d  i n  te m p e ra te  t r e e s . 
E x t r a o r d in a r y  in c r e a s e s  w ere fo u n d  a c r o s s  th e  s tem s o f  some t r o p i c a l  w et 
f o r e s t  c o lo n iz in g  s p e c i e s , w i th  m ost t r o p i c a l  s p e c ie s  show ing  a t  l e a s t  
m o d e ra te  i n c r e a s e s .  In  c o n t r a s t ,  te m p e ra te  s p e c ie s  show ed l i t t l e  
ch an g e , and  d e c r e a s e s  w ere a lm o s t a s  common a s  i n c r e a s e s .
I n  C h a p te r  One ( p u b l is h e d  i n  Wood F ib e r  S c i .  2 0 ( 3 ) :3 4 4 -3 4 9 ) , th r e e  
c o lo n iz in g  s p e c ie s  i n  t r o p i c a l  w et f o r e s t  w ere  fo u n d  to  p ro d u c e  low SG 
wood when s m a ll  an d  to  l i n e a r l y  in c r e a s e  SG w i th  d ia m e te r  g ro w th .
T ren d s i n  s m a ll  t r e e s  w ere s i m i l a r  to  th o s e  i n  th e  in n e r  p o r t i o n s  o f
la r g e  t r e e s .  I n c r e a s e s  w ere >200% in  th e  l a r g e s t  t r e e s ,  w i th  no
a p p a re n t  maximum SG.
C h a p te r  Two ( F o r e s t  S c i .  3 5 (1 ) :1 9 7 -2 1 0 )  r e p o r t s  on an  a d d i t i o n a l  
20 t r o p i c a l  w e t f o r e s t  s p e c ie s  and  17 te m p e ra te  s p e c i e s . The g r e a t e s t
in c r e a s e  i n  any  te m p e ra te  s p e c ie s  was 40% from  p i t h  to  b a r k .  In
c o n t r a s t ,  th e  g r e a t e s t  in c r e a s e  i n  t r o p i c a l  s p e c ie s  was 270%; th e  
a v e ra g e  was 60%. The l a r g e s t  g a in s  w ere fo u n d  i n  c o l o n i z e r s .
I n te r m e d ia te  r e s u l t s  w ere found  i n  t r o p i c a l  d ry  an d  m ontane r a i n  
f o r e s t s ,  and  a r e  r e p o r t e d  i n  th e  t h i r d  c h a p te r  (Amer. J o u r .  B otany 
7 6 ( 6 ) :9 2 4 -9 2 8 ) . F o r d ry  f o r e s t ,  th e  l a r g e s t  i n c r e a s e s  (>60%) w ere in  
s p e c ie s  a l s o  fo u n d  i n  w et f o r e s t .
C h a p te r  F our (u n p u b lis h e d )  r e p o r t s  on m e c h a n ic a l p r o p e r t i e s  o f  
wood from  f o u r  c o l o n i z e r s .  S t a t i c  b e n d in g  showed s t r o n g  c o r r e l a t i o n s  
b e tw e en  SG and  m o d u li o f  r u p tu r e  and e l a s t i c i t y .  M ic ro s c o p ic
v i
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e x a m in a tio n  i n d i c a t e s  t h a t  g r e a t e r  p r o p o r t io n  o f  f i b e r s  and  t h i c k e r  c e l l  
w a l l s  a c c o u n t  f o r  in c r e a s e d  SG.
The o v e r a l l  c o n c lu s io n s  to  be draw n from  t h i s  s tu d y  a r e  t h a t  some 
l ig h t-d e m a n d in g  t r e e  s p e c ie s  o f  h ig h ly  c o m p e t i t iv e  t r o p i c a l  en v iro n m e n ts  
a l l o c a t e  r e s o u r c e s  to w ard  p ro d u c t io n  o f  low  SG, weak wood and  r a p id  
h e ig h t  g ro w th  when young. W ith a g e , th e s e  s p e c ie s  g r a d u a l ly  s h i f t  
r e s o u r c e s  to w ard  p ro d u c t io n  o f  s t r o n g e r ,  s t i f f e r  wood w i th  more f i b e r s  
an d  t h i c k e r  c e l l  w a l l s .  Shade t o l e r a n t  s p e c ie s  and  s p e c ie s  from  l e s s  
c o m p e t i t iv e  e n v iro n m e n ts  show l i t t l e  ch a n g e . Thus b io m ass  a l l o c a t i o n  
to w ard  th e  co m p e tin g  g o a ls  o f  h e ig h t  g ro w th  and  s tem  s t r e n g t h  may be 
r e l a t e d  t o  s p e c ie s  l i g h t  re q u ir e m e n ts  and  d e g re e  o f  c o m p e t i t io n .
v i i
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INTRODUCTION
The e c o lo g y  o f  t r o p i c a l  f o r e s t s  and th e  p r o p e r t i e s  o f  t r o p i c a l  
woods h av e  b e e n  f a r  l e s s  s tu d i e d  th a n  t h e i r  te m p e ra te  c o u n t e r p a r t s .
W ith th e  d e p l e t i o n  o f  f o r e s t  r e s o u r c e s  i n  te m p e ra te  z o n e s , i n c r e a s i n g  
u se  i s  b e in g  made o f  t r o p i c a l  t im b e r s .  T im ber h a r v e s t i n g ,  c o u p le d  w ith  
w id e s p re a d  c l e a r i n g  o f  t r o p i c a l  f o r e s t s  f o r  a g r i c u l t u r e  an d  r a n c h in g ,  
r e p r e s e n t  d r a s t i c  e c o lo g ic a l  change w ith  u n p r e d ic ta b le  lo n g  ra n g e  
c o n se q u e n c e s . A b e t t e r  u n d e r s ta n d in g  o f  t r o p i c a l  e c o sy s te m s  i s  
e s s e n t i a l  i f  th e  d i s a s t r o u s  e f f e c t s  o f  u n b r id le d  e x p l o i t a t i o n  a r e  t o  b e  
c u r t a i l e d  an d  e f f i c i e n t  u s e  i s  to  b e  made o f  th e  f o r e s t  r e s o u r c e .
A co m p a riso n  o f  wood o f  t r o p i c a l  t r e e s  w i th  wood o f  te m p e ra te  
t r e e s  shows t h a t  some g e n e r a l  d i f f e r e n c e s  e x i s t  i n  ana tom y , c h e m ic a l 
c o m p o s it io n , and  p h y s i c a l  and  m e c h a n ic a l p r o p e r t i e s .  V a r i a b i l i t y  among 
s p e c ie s  i s  c l e a r l y  g r e a t e r  i n  woods o f  t r o p i c a l  f o r e s t s ,  and  w i t h i n - t r e e  
v a r i a b i l i t y  i s  a l s o  g r e a t e r  i n  some i n s t a n c e s . The immense d i v e r s i t y  o f  
t r o p i c a l  f o r e s t s  i s  s t r i k i n g  to  a  p e r s o n  accu sto m ed  o n ly  t o  te m p e ra te  
r e g io n s .  The C h e c k l i s t  o f  U n ite d  S ta t e s  T re e s  ( L i t t l e ,  1979) l i s t s  679 
t r e e  s p e c ie s  r e p r e s e n t i n g  216 g e n e ra  i n  73 f a m i l i e s  f o r  a l l  o f  th e  
C o n t in e n ta l  U n ite d  S ta t e s  in c lu d in g  A la sk a . I n  c o n t r a s t ,  a  c o m p i la t io n  
o f  t r e e s  from  o n ly  s e v e n  s i t e s  i n  t r o p i c a l  C o s ta  R ic a , c o m p r is in g  an  
a r e a  o f  l e s s  th a n  1000 s q u a re  k i lo m e te r s ,  in c lu d e s  more th a n  800 s p e c ie s  
from  o v e r 400 g e n e ra  i n  100 f a m i l i e s  (H a r ts h o rn  and  P o v ed a , 1 9 8 3 ) . W ith 
su ch  a  l a r g e  num ber o f  t r e e  s p e c ie s  one w ould  e x p e c t t o  f i n d  a  w ide 
ra n g e  o f  wood p r o p e r t i e s  to  b e  r e p r e s e n te d ,  and  in  f a c t  su ch  i s  th e  c a se  
w ith  C o s ta  R ic a n  t im b e r s .  However, W illia m so n  (1984) h a s  shown t h a t ,  
f o r  wood s p e c i f i c  g r a v i t y  (SG) a t  l e a s t ,  th e  am ount o f  v a r i a b i l i t y
1
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e n c o u n te re d  e x c e e d s  t h a t  e x p e c te d  b a s e d  on s p e c ie s  r i c h n e s s  a lo n e .  
S p e c i a l i z e d  s t r a t e g i e s  f o r  d e a l in g  w i th  a  w ide  v a r i e t y  o f  m ic r o h a b i t a t s  
and  c o m p e t i t iv e  i n t e r a c t i o n s  h av e  r e s u l t e d  i n  e x tre m e  v a r i a b i l i t y ,  w hich  
i s  s e e n  n o t  o n ly  a s  a  w ide ra n g e  o f  p r o p e r t i e s  among s p e c ie s ,  b u t  in  
some c a s e s  a s  e x c e p t io n a l ly  l a r g e  w i t h i n - t r e e  v a r i a t i o n .
T h is  d i s s e r t a t i o n  i s  a c o m p ariso n  o f  th e  wood SG, and  i t s  e f f e c t s  
on some wood p r o p e r t i e s ,  o f  t r e e s  sam pled  i n  one te m p e ra te  and  th r e e  
t r o p i c a l  l i f e - z o n e s .  SG was c h o se n  f o r  m easu re  b e c a u s e  i t  i s  th e  b e s t  
in d e x  to  a  w ide v a r i e t y  o f  wood p r o p e r t i e s . The r e s e a r c h  fo c u s e d  on 
p i t h  to  b a r k  v a r i a t i o n  i n  i n d iv id u a l  t r e e s .  The w i t h i n - t r e e  t r e n d s  i n  
wood SG a r e  im p o r ta n t  b e c a u se  th e y  i n d i c a t e  th e  p a t t e r n s  o f  r e s o u rc e  
a l l o c a t i o n  s e l e c t e d  f o r  a s  t r e e s  in c r e a s e  i n  b o th  s t a t u r e  and  g i r t h .
M ost v a r i a b i l i t y  s t u d i e s  h av e  b e e n  done on te m p e ra te  t r e e s  an d  r e p o r t  
p i t h  to  b a r k  SG ch an g es  o f  l e s s  th a n  50%. I n  t r o p i c a l  t r e e s ,  how ever, 
w i t h i n - t r e e  v a r i a b i l i t y  i s  g r e a t e r  i n  many i n s t a n c e s .  Of t r o p i c a l  
s p e c ie s ,  v a r i a b i l i t y  i s  p ro b a b ly  b e s t  docum ented  in  b a l s a  (Ochroma 
p v ra m id a le  (C av. ex  Lam.) U rban , w h ich , when p ro d u c e d  c o m m e rc ia lly , m ust 
be  grow n r a p i d l y  and  h a r v e s te d  when young , b e f o r e  th e  wood p ro d u c ed  
becom es to o  d en se  f o r  u s e s  r e q u i r in g  i t s  l i g h t n e s s  p r o p e r t y .  S te a rn s  
(1943) r e p o r t s  a  d ry  (6% m o is tu r e  c o n te n t )  d e n s i t y  ra n g e  o f  0 .0 6 -0 .4 2  
g/cm 3 f o r  E cu ad o ran  b a l s a ,  w ith  com m erc ia l wood r a n g in g  from  0 .1 3 -0 .2 4  
g/cm 3; th e  b e s t  ( l i g h t e s t )  com m ercia l g ra d e s  a r e  from  t r e e s  h a r v e s t e d  a t  
4 to  6 y e a r s  o f  a g e , when th e y  a r e  b e tw een  2 5 -5 0  cm i n  d ia m e te r  and  12- 
18 m i n  h e i g h t .
Woods w ere ch o se n  f o r  s tu d y  from  f o r e s t s  i n  C o s ta  R ic a ,  a  C e n tr a l  
A m erican  r e p u b l i c  l o c a t e d  b e tw een  8° and  i r i 5 '  n o r th  l a t i t u d e .  C o sta
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R ica  i s  som ewhat l e s s  th a n  h a l f  th e  s i z e  o f  th e  S ta t e  o f  L o u is ia n a  and 
i s  b ounded  b y  th e  C a rib b e a n  Sea on th e  e a s t  and  th e  P a c i f i c  O cean on th e  
w e s t .  The maximum e l e v a t i o n  ex c eed s  3800 m e te r s .  R a i n f a l l  v a r i e s  from  
l e s s  th a n  1500 mm p e r  y e a r  i n  p a r t s  o f  th e  n o r th w e s t  to  o v e r  6000 mm in  
some p la c e s  i n  th e  i n t e r i o r  o f  th e  c o u n try ,  and  do es n o t  f a l l  e v e n ly  
th ro u g h o u t  th e  y e a r  (C oen, 1 9 8 3 ). The num ber o f  m onths w i th  l e s s  th a n  
50 mm o f  p r e c i p i t a t i o n  ra n g e s  from  z e ro  a lo n g  th e  C a r ib b e a n  c o a s t  to  
f i v e  m onths i n  th e  n o r th w e s t  P a c i f i c  c o a s t  (D u lin , 1 9 8 2 ). The v a r i e d  
g eo g rap h y  and  c l im a te  p ro d u c e  a w ide v a r i e t y  o f  e c o lo g ic a l  h a b i t a t s .  
H a r ts h o rn  (1983) i d e n t i f i e s  tw e lv e  H o ld r id g e  L i f e  Zones i n  C o s ta  R ic a . 
The s p e c ie s  w ere  sam p led  p r im a r i l y  i n  low e l e v a t io n  (<100 m) w e t f o r e s t ,  
low e l e v a t i o n  d ry  f o r e s t ,  and h ig h  e l e v a t io n  (>2500 m) m ontane r a i n  
f o r e s t .  F o r co m p ariso n  te m p e ra te  s p e c ie s  s e l e c t e d  f o r  s tu d y  w ere  
sam pled  i n  a  low  e l e v a t i o n  (5 0 -9 0  m) m ixed-hardw oods f o r e s t  in  
s o u th w e s te rn  M i s s i s s i p p i .  The te m p e ra tu re  o f  t h i s  r e g io n  r a n g e s  from  an  
a v e ra g e  o f  10°C i n  J a n u a ry  to  27°C in  J u ly .  A nnual p r e c i p i t a t i o n  i s  
1500 mm; th e  w e t t e s t  m onth i s  December (170 mm) and  th e  d r i e s t  m onth i s  
O c to b e r (70 mm) (NOAA 1 9 8 5 ).
R e la t io n s h ip s  b e tw een  wood m ec h a n ic a l p r o p e r t i e s  and  SG a r e  o f t e n  
g iv e n  a s  pow er f u n c t io n s  b a s e d  on a v e ra g e  v a lu e s  f o r  many s p e c i e s ,  
a l th o u g h  l i n e a r  r e l a t i o n s h i p s  f i t  th e  d a ta  v e ry  w e l l  f o r  many 
p r o p e r t i e s . T h e re  a r e  d i f f e r e n c e s  b e tw een  t r o p i c a l  an d  te m p e ra te  
s p e c ie s ,  h o w ev er. F or exam ple , f o r  e q u a l s p e c i f i c  g r a v i t i e s ,  t r o p i c a l  
woods i n  th e  g re e n  c o n d i t i o n  a r e  s t r o n g e r  and  s t i f f e r  th a n  a r e  te m p e ra te  
woods (W angaard 1951, W angaard and  M u sch ler 1 9 5 2 ). To d e te rm in e  i f  SG 
r e f l e c t s  th e  same c o n t r i b u t i o n  to  m ec h a n ic a l p r o p e r t i e s  i n  some o f  th e
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h ig h ly  v a r i a b l e  t r o p i c a l  p io n e e r s  a s  i s  fo u n d  among t r o p i c a l  s p e c ie s  i n  
g e n e r a l ,  s t a t i c  b e n d in g  t e s t s  w ere c o n d u c te d  u s in g  sp ec im en s  ta k e n  from  
a c r o s s  th e  d ia m e te r s  o f  f o u r  s p e c ie s .  A n a to m ica l ch a n g e s  r e l a t e d  to  SG 
c h a n g es  w ere  ex am in ed  i n  some s p e c ie s  show ing  l a r g e  v a r i a t i o n  i n  an  
a t te m p t  t o  docum ent th e  t i s s u e  a l l o c a t i o n  p a t t e r n s  i n  th e s e  s p e c ie s  and 
to  r e l a t e  a n a to m ic a l  c h a r a c t e r i s t i c s  w ith  m e c h a n ic a l  p r o p e r t i e s .
I t  i s  h o p ed  t h a t  th e  know ledge g a in e d  from  r e s e a r c h  i n t o  th e  
p r o p e r t i e s  o f  l i t t l e  known and p r e s e n t ly  n o n -c o m m e rc ia l t r e e  s p e c ie s  
w i l l  c o n t r i b u t e  t o  an  u n d e r s ta n d in g  o f  t h e i r  p r e s e n t  an d  p o t e n t i a l  
v a l u e , n o t  o n ly  a s  a  r e s o u rc e  to  b e  h a r v e s te d  b u t  a s  a  r e s o u rc e  to  b e  
p r o t e c t e d  to  e n s u re  th e  s u r v iv a l  o f  e n t i r e  e c o s y s te m s .
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CHAPTER I .
EXTREME RADIAL CHANGES IN WOOD SPECIFIC GRAVITY IN SOME TROPICAL
PIONEERS
T h is  c h a p te r  h a s  b e e n  p u b l i s h e d  in  Wood an d  F ib e r  S c ie n c e . 2 0 (3 ) ,  1988.
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ABSTRACT
Twelve Hampea appendiculata, six Heliocarpus appendiculatus, and twelve Ochroma pyramidale 
trees from tropical wet forest in Costa Rica were sampled across their radii. Wood from all three 
species increased linearly in specific gravity from pith to bark. The magnitude o f the increase was 
about 0.1 units o f specific gravity per 10 cm of radius, although there were differences between the 
species and between trees within each species. All three species colonize clearings and disturbed sites, 
and these extreme changes in specific gravity may be associated with the pioneer habit in the wet 
forest.
Keywords: Wood specific gravity, within-tree variation, pioneer, succession, Hampea appendiculata, 
Heliocarpus appendiculatus, Ochroma pyramidale.
INTRODUCTION
Wood specific gravity is a measure of the amount o f dry cell-wall material per 
unit volume of wood, and as such, is probably the single most important predictor 
o f the properties of a wood. Strength; suitability as pulp; treatability with preser­
vatives; dimensional stability; value as fuel; and acoustical, electrical, and thermal 
insulating properties are associated with specific gravity.
Understanding the variability o f specific gravity is critical to the optimal uti­
lization o f wood. Among species, woods range in specific gravity from less than 
0.05 for Aeschynomene hispida Willd. (Kanehira 1933) to  1.08 for Dalbergia 
melanoxylon G.&P. (Chudnoff 1979). Williamson (1984) found that between- 
species specific gravity variance was greater among tropical hardwoods than among 
temperate hardwoods, with extremely low and extremely high specific gravity 
woods being found mainly in the tropics. Variables such as growth rate, shade 
tolerance, serai stage, and climatic life zone are associated with differences in 
specific gravity between species, although the relationships are far from exact 
(Richards 1952; Williamson 1975; Chudnoff 1976; Hartshorn 1980). Among trees 
o f the same species, environmental and genetic influences affect wood properties 
(Panshin and deZeeuw 1980). One of the primary environmental factors causing 
between-tree variability is availability of moisture (deZeeuw 1965). Howe (1974) 
found climate to have a pronounced effect on wood specific gravity among in­
dividual trees in three Costa Rican species; in one of these, Cordia alliodora 
(R.&P.) Cham., wood specific gravity of trees growing in tropical dry forest was 
60% higher than in trees growing in tropical moist forest.
In addition to the differences between species and between trees of the same 
species, specific gravity may be highly variable within a tree. Specific gravity 
varies within growth rings, from pith to bark, and with height (Panshin and
Wood and Fiber Science, 20(3), 1988, pp. 344-349 
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de Zeeuw 1980). Most specific gravity variation studies have been done on tem­
perate zone trees and have reported pith to bark changes o f less than 50% (Zobel 
andMcElwee 1958; Hamilton 1961; Taylor 1968,1973, 1979; Taylor and Wooten
1973). However, one exceptional report (Whitmore 1973) documented a 120% 
pith to bark increase in specific gravity in a 50-cm diameter balsa [Ochroma 
pyramidale (Cav. ex Lam.) Urban], This extreme variability within balsa trees is 
well known to commercial producers of the wood. The highest quality, lightest 
grades of balsa are produced by fast-grown trees which are harvested on a 4- to 
6-yr rotation; slower-grown wood and wood from older trees is of reduced value 
because it is denser (Wiepking and Doyle 1944).
Balsa's role as a pioneer species in the wet, tropical lowlands suggests a possible 
association of pioneer habit with extreme radial increase in wood specific gravity. 
The colonizing habit may combine rapid growth in stature with the production 
of a weak trunk early in development. Tropical colonizers have long been known 
to produce wood o f low specific gravity (Richards 1952; Whitmore 1984). With 
gain in height, increase in specific gravity may be necessary to maintain structural 
stability. In order to investigate this hypothesis, we studied specific gravity vari­
ation in large trees of balsa and two other pioneer species o f the wet tropics, 
Hampea appendiculata (Donn. Sm.) Standi, and Heliocarpus appendiculatus Turcz. 
The latter two species frequently co-occur with balsa in clearings and along forest 
edges. If balsa’s increase in specific gravity with diameter has an ecological ex­
planation, these species might be expected to exhibit similar patterns. The three 
species are fast-growing. Balsa trees may grow to 6 cm diameter and 5 m height 
in the first year, and commonly reach 60 cm diameter and 20 m height after seven 
years (Brush 1945). Specific growth rate data on the other two species are un­
available, but in Costa Rica, 4 'h years after it had been cleared, one plot contained 
individuals of Heliocarpus appendiculatus that exceeded 20-cm diameter and 
Hampea appendiculata that exceeded 10-cm diameter (GBW unpublished data).
MATERIALS AND METHODS
Wood samples of Hampea appendiculata, Heliocarpus appendiculatus, and Och­
roma pyramidale were collected from the region of Sarapiqui in Costa Rica. 
Sarapiqui has a mean temperature of 24 C and an average annual rainfall of 400 
cm, with no real dry season. It is Tropical Wet Forest, according to Holdridge’s 
(1967) Life Zone classification. The range in elevation of the collection sites is 
30-50 m above sea level. In addition, one Heliocarpus appendiculatus (Tree No. 
16) was sampled in the region of Guatuso, south of Cartago. Costa Rica, at an 
elevation of 1,500 m. This area is a Tropical Lower Montane Wet Forest, with 
an annual rainfall of 250 cm, a dry season of four months’ duration, and an 
average annual temperature of about 15 C (Dulin 1982; Coen 1983; Hartshorn 
1983; OTS 1985).
The diameter of each tree sampled was measured with a diameter tape at breast 
height or, when large buttresses were present, immediately above the buttresses. 
Radial (pith to bark) wood samples were obtained at t ’e height of the diameter 
measurement, usually from a 12-mm diameter increment borer, but in some 
instances from a smaller (8-mm) borer or from strips cut from disks taken from 
felled trees. The three methods gave comparable results.
The radial samples were marked at i-cm lengths measuring from the pith. In
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the few instances in which a core did not contain pith, distances from the pith 
were determined by examining the core at various places to estimate the point of 
convergence o f the wood rays. This point was taken as the location of the pith, 
and from it distances to each 1-cm length were calculated. The 1-cm lengths were 
split into segments with a razor blade. Green volumes were determined by mea­
suring the weight of water displaced by submerged segments. Subsequently, the 
segments were oven-dried for one or two days at 100-105 C and then weighed. 
Basic specific gravity was calculated for each segment by dividing the weight of 
the water displaced by the green sample into the weight o f the oven-dry sample.
Wood specific gravity was plotted as a function o f distance from pith for each 
tree sampled. Linear regressions and their coefficients of determination were cal­
culated for each tree, and their values were averaged for each species. Additionally, 
specific gravity values of the three samples located nearest to the pith were av­
eraged to give a measure of the specific gravity o f the wood produced when a tree 
was young, and the values for the three samples nearest to the bark were averaged 
to give a measure of the specific gravity of the most recently formed wood.
RESULTS AND DISCUSSION
Plots of specific gravity versus distance from the pith for the largest diameter 
trees of Hampea, Heliocarpus, and Ochroma (Fig. 1) reveal a strong linear increase 
in specific gravity with distance from pith for each tree; the respective coefficients 
of determination are 0.84, 0.96, and 0.91. These three trees exhibit respective 
specific gravity increases of 110%, 330%, and 230%. The specific gravity increase 
exhibited in a single tree is a function of both its regression equation and of the 
size of the tree. The latter factor is important because specific gravity appears to 
continue to increase as the diameter of the trees increases (Fig. 1). At what di­
ameter, if any, specific gravity would cease to increase is unclear.
The regression equations for the other, smaller diameter trees exhibit linear 
increases and coefficients of determination similar to those for the largest tree of 
each species (Table 1). For individual trees, doubling of specific gravity across 
the trunkwood is common in Hampea and Ochroma, and tripling is common in 
Heliocarpus (Table 1). The positive linear relationship of specific gravity as a 
function of distance from pith was strong in all but a few cases.
The regression equations for Hampea, Heliocarpus, and Ochroma show average 
increases in specific gravity, respectively, of 0.10. 0.10, and 0.07, per 10 cm of 
radius increase. Thus, the rate of increase in Hampea and Heliocarpus is larger 
than the increase in Ochroma. Information about relative growth rates of three 
species would be of value in interpreting the data. If specific gravity is strongly 
correlated to tree age, faster growth would tend to decrease the slope of the relation 
between specific gravity and distance from pith.
An analysis o f covariance for each species reveals that in addition to the sig­
nificant dependence of specific gravity on distance from pith (P < 0.001) there is 
significant variation among trees in specific gravity (P < 0.001) and in the slope 
of the specific gravity versus distance from pith relationship (P < 0.001). However, 
neither of the latter two factors was as important as distance from pith in explaining 
the variation in specific gravity. Therefore, it can be said that specific gravity in 
these three species is exceptionally dependent on distance from the pith, although 
there is some tree-to-tree variation.
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F ig .  1. Specific gravity as a function o f distance from the pith for large trees ot Hampea, Helio­
carpus, and Ochroma. Tree numbers correspond to numbers in Table 1.
Hampea and Heliocarpus show linear increases in specific gravity similar to 
those shown by Ochroma. This suggests a connection between the ecological habit 
of pioneer species of the wet. tropical lowlands and the ability of these species to 
vary their wood specific gravity as they grow. Pioneers of the lowland tropics 
produce some of the lowest specific gravity woods in the world (Richards 1952: 
Whitmore 1984; Williamson 1984). In addition, they may be able to produce
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T a b l e  1. Tree number, diameter, and specific gravity o f  the old wood (inner 3 cm), new wood (outer 
3 cm), the new/old ratio, the regression equation o f  specific gravity (Y) on distance fro m  pith (X), and  
the coefficient o f  determination (R-) fo r  individual trees and species averages.
Species
Tree
no.
Dia.
(cm)
Specific gravity
Old New Ratio Regression R 1
Hampea i 40 0.14 0.30 2.1 Y = 0.099 +  0.009X 0.80
2 43 0.20 0.34 1.7 Y = 0.170 + 0.012X 0.84
3 37 0.16 0.28 1.7 Y = 0.141 + 0.008X 0.88
4 37 0.14 0.34 2.4 Y = 0.119 + 0.015X 0.99
5 44 0.17 0.31 1.8 Y = 0.116 + 0.008X 0.68
6 41 0.16 0.30 1.9 Y = 0.119 + 0.010X 0.87
7 36 0.21 0.32 1.5 Y = 0.201 + 0.012X 0.85
S 35 0.15 0.30 2.0 Y  = 0.103 +  0.011X 0.81
9 35 0.20 0.28 1.4 Y = 0.179 +  0.007X 0.68
10 44 0.18 0.35 1.9 Y = 0.146 +  0 .0 10X 0.82
U 38 0.18 0.38 2.1 Y = 0.125 + 0.013X 0.86
12 48 0.15 0.32 2.1 Y = 0.104 + 0.010X 0.84
Average 0.17 0.32 1.9 Y = 0.135 +  0.010X 0.83
Heliocarpus 13 40 0.07 0.22 3.1 Y = 0.037 + 0 .0 10X 0.84
14 36 0.08 0.23 2.9 Y = 0.036 + 0 .0 10X 0.82
15 47 0.11 0.23 2.1 Y = 0.061 + 0.006X 0.79
16 44 0.09 0.34 3.8 Y = 0.052 + 0.015X 0.98
17 50 0.07 0.30 4.3 Y = 0.033 + 0.01 IX 0.96
18 50 0.11 0.29 2.6 Y = 0.126 + 0.007X 0.90
Average 0.09 0.27 3.0 Y = 0.057 -i- 0.010X 0.88
Ochroma 19 43 0.15 0.32 2.1 Y = 0.088 e- 0 .0 17X 0.83
20 44 0.14 0.26 1.9 Y = 0.141 + 0.006X 0.65
21 52 0.10 0.25 2.5 Y = 0.069 + 0.008X 0.84
22 90 0.12 0.40 3.3 Y = 0.068 + 0.009X 0.91
23 38 0.11 0.23 2.1 Y = 0.067 + 0.007X 0.72
24 36 0.08 0.18 2.3 Y = 0.058 + 0.006X 0.78
25 36 0.18 0.24 1.3 Y = 0.177 + 0.008X 0.72
26 42 0.11 0.19 1.7 Y = 0.102 -i- 0.003X 0.37
27 36 0.10 0.18 1.3 Y = 0.064 e- 0.005X 0.53
28 47 0.15 0.21 1.4 Y = 0.118 + 0.003X 0.46
29 65 0.12 0.30 2.5 Y = 0.070 -i- 0.009X 0.80
30 66 0.11 0.31 2.3 Y = 0.093 -r 0.007X 0.93
Average 0.12 0.26 2.2 Y = 0.093 -  0.007X 0.71
higher specific gravity wood as needed for structural stability. In the lush envi­
ronment of tropical rainforests, pioneer tree species must compete for light with 
each other as well as with large herbaceous plants and sprawling lianas. Such an 
environment may have selected for allocation of resources toward rapid growth 
in stature, at the initial expense of strength, accompanied by the ability to increase 
the specific gravity of wood produced subsequently.
SUMMARY AND CONCLUSIONS
Three pioneer species from the wet, lowland tropics show extreme radial in­
creases in specific gravity. The increases appear to be linear functions of distance 
from the pith, and result in tripling or quadrupling of specific gravity in large 
diam eter trees. These results suggest that tropical colonizers, long known for
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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producing wood of low specific gravities, are capable o f increasing the specific 
gravity of the xylem produced as the trees increase in size. Consequently, the trees 
may be able to grow tall quickly when young and gradually adjust their trunkwood 
for structural stability as they reach maturity.
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Radial Gradients in the Specific Gravity of 
Wood in Some Tropical and 
Temperate Trees
M i c h a e l  C. W i e m a n n  
G. B r u c e  W i l l i a m s o n
A b s t r a c t .  Pith to bark wood samples from 20 Costa Rican tropical wet forest and 17 
United States temperate forest tree species showed wide variability in specific gravity 
trends among species. Specific gravity increased significantly from pith to bark in 16 of 
the tropical tree species. The increases were most dramatic (90-270%) in species that 
are typically colonizers o f clearings and disturbed sites; species o f later stages of succes­
sion showed moderate increases (20-70%) or, in some instances, no change in specific 
gravity from pith outward. Statistically significant linear pith to bark trends were found 
in only four temperate species— two of these increased specific gravity with diameter 
and two decreased. None of the temperate species showed a change greater than 40%, 
and no clear relationship between specific gravity pattern and shade tolerance was evi­
dent. In tropical wet forests, increase in wood specific gravity with diameter may be an 
adaptation by shade intolerant species to the highly competitive conditions on disturbed 
sites. F o r .  S c i .  35(1): 197-210.
A d d i t i o n a l  k e y  w o r d s .  Within-tree variation, pioneer species, succession, specific 
gravity, tropical wet forest, Costa Rica.
T h e  s p e c i f ic  g r a v it y  o f  t r u n k w o o d  o f  t r e e s  has been of interest to 
foresters because as a measure of the amount of dry ceil wall material per 
unit volume of wood, it is the single best indicator of wood strength (Pan­
shin and de Zeeuw 1980). Specific gravity (SG) may be calculated based on 
the green volume of wood (basic SG) or based on the volume of wood that 
has been dried to a specified moisture content. Most properties of dry wood 
are very highly correlated with their equivalents in green wood. To users, 
both basic SG and SG at specified moisture contents are of practical value 
as indices to wood properties. The mechanical properties of living trees, 
which are maintained in the green condition, are best predicted from basic 
SG values.
There are several general patterns of SG variation across tree stems. 
Within individual growth rings, SG may vary not at all, or there may be 
large differences between earlywood and latewood. Ring-porous angio- 
sperms and gymnosperms with abrupt transition show the greatest early- 
wood/latewood differences, whereas diffuse-porous woods and some gym­
nosperms may produce wood that is very uniform. Gymnosperms with 
gradual transition and semi-ring-porous angiosperms are intermediate. 
Latewood 2 -5  times more dense than earlywood was found in Sitka spruce.
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European larch, Japanese yew, and longleaf pine (Phillips et al. 1962) and in 
six species of southern pine (Ifju 1969). Similar magnitudes of difference are 
found in rihg-porous angiosperms. In contrast, the tropical gymnosperm 
Podocarpus is quite uniform, varying less than 30% across growth rings 
(Phillips et al. 1962); even greater uniformity is characteristic of many dif­
fuse-porous angiosperms. In some species, overall SG is a function of rela­
tive proportions of earlywood to latewood and is highly dependent on 
growth rate. Hamilton (1961) found that in 100-year-old trees of southern 
red oak, a ring-porous species, SG was greatest near the tree center, de­
creasing markedly at greater distances from the pith as growth rate slowed 
and latewood percentage decreased; SG of wood adjacent to the bark was 
about 80% that of wood from the center of the tree. Within limits, the re­
verse occurs in gymnosperms. For example, Yao (1970) found that in lob­
lolly pine with 3 to 8 growth rings per inch, slower growth rate resulted in 
greater SG due to higher proportions of latewood in narrower rings. In wood 
with more than 8 rings per inch, however, percent latewood and SG de­
creased with slower growth rate. In tropical forests, ring-porous woods are 
rare, and gymnosperms have few representatives, primarily Podocarpaceae. 
For species that do not have marked differences between earlywood and 
latewood, slowed growth rate with age often produces wood of greater SG. 
Increase in SG with age to a maximum value, followed by a leveling off or a 
decrease, is common in many temperate diffuse-porous angiosperms. In 
sweetgum and black gum, Taylor (1979) found 3-4%  increases in SG to 
20-25 years, at which point SG was maintained constant or decreased 
slightly. Taylor (1968) found SG in yellow-poplar to increase some 20% by 
age 23, followed by irregular decreases and increases; Barefoot (1963) found 
the maximum SG to occur at age 45.
Any attempt to adequately explain SG pattern must take into account 
differences between juvenile wood and adult wood. For some time after its 
differentiation from apical tissues, the vascular cambium undergoes changes 
with age. Cell length and chemical composition as well as physical and 
strength properties are different for wood produced during the juvenile 
stage, which usually lasts from 5 to 20 years. Zobel et al. (1959) reported 
that juvenile wood in loblolly and slash pines, produced for 6 -7  years (8-13 
cm diameter), was characterized by shorter tracheids, lower cellulose con­
tent, and lower SG. In loblolly pine, adult wood was 20% denser than first- 
formed juvenile wood (Zobel and McElwee 1958). The inferior properties of 
juvenile wood are considered to be less marked in angiosperms than in gym­
nosperms (Panshin and de Zeeuw 1980, Haygreen and Bowyer 1982), al­
though that conclusion may be based on limited information. In some hard­
woods, fibers reach their maximum length in 2 years or less, whereas in 
others cell changes may go on indefinitely and there may be no distinct 
region identifiable as juvenile (Rendle 1960). Jett and Zobel (1975) reported 
SG differences of 15% or less between adult and juvenile wood in 11 U.S. 
angiosperms. with some species showing no differences at all. Skolmen 
(1972, 1973) found a distinct zone of juvenile wood about 18 cm in diameter 
in Hawaii-grown Eucalyptus robusta Sm.; SG increased by 40% from pith to 
adult wood, then remained relatively constant. Purkayastha et al. (1974) 
found a similar pattern in a 25-year-old tree of Michelia champaca L. from 
India; density and fiber length both increased by 25% from the pith to 9 cm 
and remained more or less constant between 9 cm and the bark (20 cm). In 
Australian Eucalyptus pilularis Sm., on the other hand, specific gravity and 
fiber length increased by 40% and 50%, respectively, across 30 years, yet
198/ F o r e s t  S c ie n c e
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appeared not to have reached their maximum values (Bamber and Curtin
1974). Bamber et al. (1969) measured density and fiber length across disks of 
Australian plantation and natural-grown Eucalyptus grandis Hill ex Maiden. 
Fiber length and basic density increased gradually from pith to bark in the 
20-year-old plantation trees; in the outer 5 years of growth, fiber length was 
22% and density 26% greater than in the inner 5 years growth. They con­
cluded that neither had reached its maximum value, because in outer wood 
of the natural-grown trees (average age 130 years), density was 37% higher 
and fibers 46% longer than in the inner wood of plantation trees. Somewhat 
different results were reported by Taylor (1973) for the same species grown 
in South Africa: fiber length increased by 50% to a maximum value 11 cm 
from the pith, yet SG increased across the entire 13 cm radius for a total 
change of some 30%.
Wood SG may be affected by the presence of heartwood extractives. In 
Piratinera, Record and Mell (1924) report heartwood to be 25-35% denser 
than sapwood from the same logs and from logs that contained no heart­
wood. Such large differences are uncommon, however; deposition of ex­
tractives rarely adds more than a few percent to the SG of wood, and some 
species do not produce heartwood (Panshin and de Zeeuw 1980, Stewart 
1966).
We have been investigating variability of wood SG in tropical trees and its 
relationship to population and community characteristics (Williamson 1984, 
Wiemann and Williamson 1988). Whitmore (1973) found extreme pith to 
bark increases in the SG of balsa (Ochroma pyramidale [Cav. ex Lam.] 
Urban), and Wiemann and Williamson (1988) reported 100-300% wood SG 
increases from pith to bark in three tropical wet forest pioneers, Hampea 
appendiculata (Donn. Sm.) Standi., Heliocarpus appendiculatus Turcz., 
and Ochroma pyramidale. Unlike the pattern typical of many species, in 
which SG increases to a maximum value and then remains approximately 
constant, SG in these pioneers showed no indication of leveling off. even in 
large trees. If extreme radial gradients in SG are related to the pioneer habit 
in the wet lowland tropics, then other colonizing species would be expected 
to exhibit similar patterns, whereas species of later serai stages would not. 
Allocation of resources toward rapid growth in height may avert suppres­
sion by competitors, which in large clearings include herbs and lianas as 
well as other trees. Strength becomes more important as stature increases, 
so specific gravity increases. A tree that can combine rapid height growth 
when young with production of progressively stronger wood as size in­
creases might well have a competitive advantage over trees having more 
uniform growth characteristics.
In order to study radial shift in SG, pith to bark wood samples were exam­
ined from a variety of tropical wet forest species with low to moderately 
high SG values. Species with very high SG wood were avoided because 
preliminary data suggested that the dramatic radial shift was present only in 
species of low SG. For comparison, temperate forest hardwoods were simi­
larly sampled.
Emphasis was placed on obtaining a variety of pioneer and later succ.es- 
sional species, with 1-3 trees sampled per species in most cases (Table 1). 
This was done to determine the extent to which wood SG trends vary 
among species within and between forest types, at the sacrifice of detailed 
information on within-species variability. More extensive sampling (6-12 
trees per species) of a few tropical pioneers showed consistency of pattern 
among trees of each species (Wiemann and Williamson 1988). In the present
M a r c h  1989/ 199
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TABLE I. Species, number o f  trees sampled, diameter, specific gravity o f  old (inner 3 cm) and new (outer 3 cm) wood, the newlold 
ratio, and the intercept, slope, and coefficient o f  determination fo r regressions o f  specific gravity on distance from pith.*
Specific gravity
Dia.
(cm)
Observed Regression
Species N Old New New/Old Intercept Slope r*
Tropical Wei Forest 
First Group
Apeiba aspera 3 37 0.16 0.30 1.9 0.111 0.0064 0.40*
Castilla elastica 3 59 0.20 0.43 2 2 0.216 0.0103 0.80*
Cecropia obtusifoUa 1 47 0.14 0.38 2.7 0.129 0.0121 0.90*
Cedrela odorata 1 78 0.24 0.47 2.0 0.196 0.0126 0.91*
Ceiba pentandra 2 102 0.09 0.33 3.7 0.084 0.0049 0.89*
Trema micrantha 2 32 0.17 0.32 1.9 0.162 0.0150 0.89*
Second Group
Cespedesia macrophylla 1 40 0.49 0.60 1.2 0.478 0.0100 0.85*
Cordia alliodora 2 40 0.26 0.40 1.5 0.215 0.0096 0.76*
Goethalsia meiantha 2 60 0.24 0.41 1.7 0.256 0.0072 0.62*
Inga oerstediana I 46 0.38 0.47 1.2 0.292 0.0182 0.90*
Nectandra reticulata 1 52 0.35 0.49 1.4 0.295 0.0163 0.78*
Spondias mombin 1 55 0.32 0.41 1.3 0.299 0.0074 0.83*
Virola koschnyi I 86 0.32 0.49 1.5 0.348 0.0058 0.84*
Vochysia hondurensis 1 56 0.27 0.36 1.3 0.251 0.0050 0.72*
Third Group
Ficus insipida 1 98 0.28 0.34 1.2 0.300 0.0007 0.04
Heisteria concinna 1 41 0.62 0.66 1.1 0.631 0.0009 0.03
Peniaclelhra macroloba n 44 0.43 0.51 1.2 0.444 0.0040 0.38*
Rollinia microsepala 1 32 0.24 0.30 1.2 0.230 0.0063 0.43*
Simira maxonii I 56 0.61 0.62 1.0 0.603 0.0020 0.30
Zanthoxylum panamense 1 30 0.48 0.50 1.0 0.482 0.0020 0.12
20-Species Means 55 0.31 0.44 1.6 0.301 0.0078 0.62
Pioneers of Prior Study
Hampea appendiculaia 12 40 0.17 0.32 1.9 0.135 0.0104 0.83*
Heliocarpus appendiculatus 6 45 0.09 0.27 3.2 0.057 0.0098 0.88*
Ochroma pyramidale 12 50 0.12 0.26 2.1 0.093 0.0074 0.71*
Temperate Forest
Aralia spinosa 1 23 0.36 0.32 0.9 0.379 -0.0061 0.66*
Frax’mus americana 2 40 0.62 0.59 1.0 0.605 0.0021 0.46
Ilex opaca 1 31 0.59 0.54 0.9 0.575 -0.0047 0.27
Liquidambar styraciflua 3 45 0.49 0.50 1.0 0.493 -0.0001 0.14
Liriodendron lulipifera 8 65 0.35 0.48 1.4 0.372 0.0044 0.68*
Magnolia acuminata 1 42 0.44 0.50 1.1 0.467 0.0034 0.28
Magnolia grandiflora 1 40 0.51 0.51 1.0 0.491 0.0010 0.14
Magnolia macrophylla 4 19 0.45 0.48 1.1 0.442 0.0058 0.36
Morus rubra 2 27 0.36 0.44 1.2 0.372 0.0075 0.38
Oxydendrum arboreum 1 23 0.53 0.53 1.0 0.533 0.0001 0.00
Populus deltoides 1 25 0.38 0.41 l . l 0.358 0.0038 0.20
Prunus serotina 2 50 0.57 0.55 1.0 0.582 -0.0007 0.16
Quercus nigra 1 62 0.71 0.61 0.9 0.692 -0.0039 0.45*
Rhus copallina I 18 0.40 0.46 1.2 0.370 0.0182 0.56
Salix nigra 1 24 0.38 0.37 1.0 0.372 -0.0003 0.01
Sassafras albidum 2 26 0.46 0.41 0.9 0.469 -0.0044 0.20
Zanthoxylum clava-herculis 1 28 0.46 0.48 1.1 0.450 0.0026 0.68*
17-Species Means 35 0.47 0.48 1.0 0.472 0.0017 0.33
• Coefficients of determination significantly different from zero IP ^  0.01) indicated by *.
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study, eight trees of the temperate forest species Liriodendron tulipifera L. 
were sampled in order to observe within-species variation.
METHODS
Wood samples were collected from 20 tree species, representing 16 families, 
growing in naturally regenerating tropical wet forest of the Sarapiqui region 
of Costa Rica. The Sarapiqui region has an annual mean temperature of 
24°C with an average monthly range of 20-30°C. Annual rainfall is 4000 mm, 
and there is no dry season (Dulin 1982, Coen 1983, Hartshorn 1983b, OTS 
1985). Species were selected to include known pioneers as well as under­
story trees and mature forest dominants. Since we expected the radial shift 
in SG to be present in low density pioneers but perhaps absent from other 
species, we concentrated on woods known to have low to intermediate spe­
cific gravities. Therefore, the species selected do not represent a random 
sample of the forest.
Wood samples were also collected from 17 temperate tree species, repre­
senting 13 families, from naturally regenerating stands in or near the Homo- 
chitto National Forest in Mississippi. This region has an annual mean tem­
perature of 19°C with an average monthly range from 10-27°C. Annual pre­
cipitation is 1500 mm distributed relatively evenly throuahout the year 
(NO A A 1985).
The diameter of each tree was measured at breast height or just above the 
buttresses or stilt roots when these were present. Pith to bark wood samples 
were obtained at the height of diameter measurement, usually with a 12 mm 
diameter increment borer, but occasionally a tree was felled and radial strips 
were cut from disks. Each radial sample was cut into 1.0 cm sections mea­
suring from the pith (or the central hole, in the case of Cecropia obtusifolia). 
In the few instances in which a core used did not contain pith, the point of 
convergence of the wood rays was estimated, and distances were calculated 
from this point. In order to reduce errors because of nonuniformly cut seg­
ments, the green volume of each one was determined by water displace­
ment. They were then ovendried at 100-105°C for 1-2 days and weighed. 
Basic SG of each segment was calculated as its ovendry weight divided by 
the weight of water it displaced when green.
For each tree sampled, basic SG was plotted as a function of distance 
from pith, and the relationship was analyzed through least-squares linear 
regression. Regression variables of interest were (1) the slope, which mea­
sures the change in SG per cm of radius. (2) the intercept, which estimates 
the SG of the first-formed wood, and (3) the coefficient of determination, r2, 
which measures the amount of variation in SG explained by distance from 
pith.
Because the regression slope provides a measure of the change in SG per 
cm. it is independent of the size of tree sampled and can be used for compar­
isons among trees of different sizes. However, we also determined the ac­
tual change in SG across the radius of each tree. SG values of the three 
segments located nearest to the pith were averaged to give a measure of the 
SG of the old, first-formed wood, and the values for the three samples lo­
cated nearest to the bark were averaged to give a measure of the SG of the 
new, last-formed wood. The ratio of the SG of the new wood to that of the 
old wood (new/old ratio) was calculated to determine the change across 
each trunk. For trees in which SG changes continuously with distance from 
pith, this ratio depends upon tree diameter. It is a useful measure nonethe-
202/ F o r e s t  S c ie n c e
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less, because it indicates the magnitude of change that can occur in repre­
sentative trees of the species sampled.
RESULTS AND DISCUSSION
None of the 20 tropical species sampled showed a decrease in wood SG 
across the radius, and 16 of them showed a statistically significant (P 
0.01) increase in SG with radius (Table 1). The 20 tropical species were di­
vided into three groups on the basis of their new/old ratios and coefficients 
of determination. For comparison, synoptic results of the three pioneers, 
Hampea, Heliocarpus, and Ochroma (Wiemann and Williamson 1988), are 
also presented (Table 1). Several trends are evident for the 20 tropical 
species. First, many of them exhibit higher SG values for both old and new 
wood than were exhibited by the known pioneers— a good indication that 
the sample includes not only pioneers and colonizers but later successional 
species as well. Second, despite differences in SG, the 20 species as a group 
exhibit a fairly strong SG increase, as measured by averages of their new/ 
old ratio of 1.6, regression slope of 0.0078, and r2 of 0.62 (Table 1). These 
values indicate that the SG shift is occurring in many species other than 
pioneers— perhaps broadly throughout the tropical wet forest.
Species that show a new/old SG ratio of at least 1.9, comparable to the 
new/old ratio of the pioneers Hampea, Heliocarpus and Ochroma, include 
Apeiba aspera Aubl., Castilla elastica Sesse. Cecropia obtusifolia Berto- 
lini, Cedrela odorata L., Ceiba pentandra (L.) Gaertn. and Trema mi- 
crantha (L.) Blume. All of these may be found colonizing large or small light 
gaps, forest edges, or riversides (Baker 1983, Coley 1983, Croat 1978, 
Denslow 1980, Foster and Brokaw 1982, Hartshorn 1980, R. J. Marquis 
pers. comm.). The linear relationship of SG on distance from pith is illus­
trated for two trees of Ceiba pentandra (Figure 1). The SG increase of the 
smaller (58 cm diameter) tree approximates the increase in the inner portion 
of the large (146 cm diameter) tree, thereby confirming that differences in 
SG occur during xylem production and do not result from gradual degrada­
tion of old xylem. With the exception of Apeiba aspera, species of the first 
group show strong relationships between SG and distance from pith (r2 3= 
0.80). Old wood SG and regression intercept values indicate low specific 
gravities (<0.25) of the first-formed xylem for these species.
The poor r2 for Apeiba is caused by broad tangential bands of parenchyma 
that are encountered nonuniformly across wuss-sections of large trees. The 
bands are more heavily concentrated in the wood nearest to the pith, be­
coming sporadic in the outer wood of large stems. Thus, the greater SG of 
outer wood is due, at least in part, to an irregular, stepwise reduction in the 
proportion of low density parenchyma. New wood exhibits relatively high 
SG compared with old wood, but the coefficient of determination is low 
because the change is not gradual or uniform. In contrast, r2 is high for the 
other species in this group, indicating that a single straight line describes 
well the relationship between SG and distance from pith. Species repre­
sented by both large and small trees have similar r2 values for each tree 
measured. Ceiba pentandra had r- values of 0.86 and 0.92 for trees of 58 cm 
and 146 cm diameter, respectively, and Trema micrantha had r2 values of 
0.87 and 0.90 for trees of 22 cm and 43 cm diameter, respectively. Thus, the 
SG trends shown by these species cannot be explained by differences in 
juvenile and adult wood. Furthermore, the magnitude of the change in SG in 
these tropical species greatly exceeds previously reported juvenile/adult dif­
ferences.
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F i g u r e  1. Specific gravity as a function of distance from the pith for two trees of Ceiba 
pentandra (circles) and one tree of Liriodendron tulipifera (triangles).
For the remaining 14 tropical species the new/old ratio is <1.9. Eight of 
these species, Cespedesia macrophylla Seem., Cordia alliodora (Ruiz & 
Pavon) Cham., Goethalsia meiantha (Donn. Sm.) Burret, Inga oerstediana 
Benth., Nectandra reticulata (Ruiz & Pavon) Mez, Spondias mombin L., 
Virola koschnyi Warb. and Vochysia hondurensis Sprague, have over 60% 
of the variation in SG associated with distance from pith (r2 >  0.60). Given 
that a positive relationship exists between SG and distance from pith, the 
lower new/old ratios of this group must reflect at least one of the following 
differences:
1. The slope of the SG/distance-from-pith relationship is less steep,
2. The trees in the sample are smaller, or,
3. The first-formed, old w ood must have a higher SG.
The mean slope of the second group (0.0099 ± 0.0048) is not different (t- 
test, P = 0.89) from the mean slope of the first group (0.0102 ± 0.0039). 
Likewise, the mean diameter of the second group (54.4 ± 14.8 cm) is not 
different (P = 0.68) from the mean diameter of the first group (59.2 ± 26.7 
cm). However, the mean SG of old wood is significantly greater (P = 0.001) 
for the second group (0.33 ± 0.08) than for the first group (0.17 ± 0.05). 
Thus, the lower new/old ratio of the second group reflects higher old 
wood SG.
The third group of six species has neither high new/old SG ratios nor high 
r2 values. The coefficients of determination vary considerably among
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species, ranging from near zero in some species to a significant but weak 
relationship (r2 = 0.4) in others. The species of this group, Ficus insipida 
Willd., Heisteria concinna Standi., Pentaclethra macroloba (Willd.) 
Kuntze, Rollinia microsepala Standi., Simira maxonii (Standi.) Steyermark 
and Zanthoxylum panamense P. Wilson, are typically shade-tolerant, some­
times understory trees (Coley 1980, 1983, Hartshorn 1983a, Janzen 1983). 
This group is not different in diameter (50.2 ±  25.2) from the first group 
(t-test, P = 0.56) or the second group (P = 0.70). It is, however, different in 
slope (0.0026 ± 0.0021) from both the first group {P = 0.002) and the 
second group (P = 0.004). The SG of old wood (0.44 ± 0.16) for this group 
is significantly different from that of the first group (P  -  0.003), but not 
from the second group (P = 0.10). Thus, it seems that species of the third 
group produce higher SG wood when young, as do species of the second 
group, but the third group increases SG only slightly or not at all with age.
Change from juvenile to adult wood may account for at least part of the 
SG patterns in species of the second and third groups. Increases within 
5-12 cm from the pith followed by slower rates of increase, leveling off, or 
very slight decline in SG were found in Cespedesia, Ficus, Goethalsia, 
Heisteria, Pentaclethra, Virola, and Zanthoxylum. Because many factors 
are associated with SG variation, SG alone is not sufficient to reveal juve­
nile-adult differences, and an examination of wood structure (e.g., fiber 
lengths) is warranted to determine if juvenile cores can be delimited and 
related to SG patterns.
We have used restraint in making comparisons among the three groups 
from the 20 tropical species because the groups were formed a posteriori on 
the basis of the observed new/old SG ratios and the coefficients of determi­
nation of the regressions. Relationships associated with SG and distance 
from pith based on correlation statistics for the entire set of 20 species are 
unbiased by the groupings. For the SG versus distance-from-pith relation­
ships in the tropical species, high coefficients of determination were corre­
lated with both a low SG of old wood and its regression counterpart, a low 
intercept, and a high new/old SG ratio and its regression counterpart, a high 
slope (Table 2). Tree diameter was an insignificant factor (r = 0.14, P = 
0.57). The intercept was most highly correlated (r = 0.98) with the SG of the 
old wood— an outcome confirming that linear regression is an adequate re­
flection of the observed SG trends. It was also positively correlated (r =
0.88) with the SG of the new wood, because old wood and new wood were 
themselves correlated (r = 0.89). The intercept was negatively related to the
T A B L E  2. Correlation coeffic ien ts (ri be tw een  the  values in Table I across the  20 
trop ica l species A
r Slope Intercept Old
Observed Variables
Diameter + 0.14 -0 .19 -0 .2 2 -0 .28
Old -0.52* -0 .36 + 0.98** —
New -0.24 -0 .16 + 0.88” -0 .8 9 ”
New/Old + 0.49’ + 0.21 -0 .7 1 ” -0 .7 4 ”
Regression Statistics
Intercept -0.58** -0.47* — + 0.98”
Slope + 0.77” — -0.47* -0 .3 6
F — + 0.77** -0 .5 8 ” -0.52*
* Correlation coefficients significantly different from zero are indicated bv * if P §  0.05 and 
by ” if P  «  0.01.
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new/old SG ratio (r = -0 .71), to the slope (r = -0 .47), and to the coeffi­
cient of determination (r = -0 .58 ). Overall we conclude that, for the 
species of the wet tropical forest, the lower the intercept, the steeper the 
slope and the stronger the relationship between SG and distance from pith.
Among the temperate hardwoods from Mississippi, significant linear SG 
changes were evident in only 4 of the 17 species sampled. SG decreased by 
10% from pith to bark in ring-porous Aralia spinosa L. and Quercus nigra 
L., whereas it increased by 10% in the ring-porous Zanthoxylum clava-her- 
culis L. Diffuse-porous temperate woods, which do not contain rings of 
large diameter earlywood pores alternating with smaller pored latewood, are 
more directly comparable in structure to the almost uniformly diffuse- 
porous Costa Rican woods. Of the nine diffuse-porous temperate species 
sampled, only Liriodendron tulipifera showed a significant increase (40%).
To explore more fully the variation in Liriodendron, we sampled eight 
trees. In the largest trees SG gradually increased to a maximum at about 25 
to 33 cm from the pith, after which it remained relatively constant or de­
creased slightly (Figure 1). Linear regression analysis of a 95 cm tree gave r2 
= 0.57 for SG versus distance from pith across the entire radius, whereas r2 
= 0.86 across only the inner 30 cm. The latter r2 value is comparable to 
those found in some of the smaller (<65 cm) Liriodendron trees (r2 = 0.86,
0.88, 0.69, 0.81). A ring count of the 95 cm tree gave an age of 52 years, for 
an average growth rate of about 9 mm per year. The pattern conforms to 
that reported for Liriodendron by Taylor (1968).
The remaining temperate species, which did not show significant linear 
changes in SG with distance from pith, include the ring-porous species 
Fraxinus americana L., Morus rubra L ., Rhus copallina L ., and Sassafras 
albidum (Nutt.) Nees, and the diffuse-porous or semi-ring-porous species 
Ilex opaca Ait., Liquidambar styraciflua L., Magnolia acuminata L., Mag­
nolia grandiflora L ., Magnolia macrophylla Michx., Oxydendrum ar- 
boreum (L.) DC., Pop ulus deltoides Bartr. ex Marsh., Prunus serotina 
Ehrh., and Salix nigra Marsh. Some of these species did not show signifi­
cant linear regressions because the SG change conformed to the typical ju­
venile/adult wood pattern; i.e., SG increased linearly to a maximum value 
and was then constant or decreased slightly with distance from pith. Based 
on SG pattern, distinct juvenile cores seemed to be present and confined to 
10 cm or less from the pith in Magnolia acuminata, Magnolia macrophylla, 
Morus rubra, and Rhus copallina, which showed overall increases in SG 
from pith to bark, and in Sassafras albidum, which initially increased but 
then decreased substantially as slowed growth resulted in greater propor­
tions of earlywood in the growth rings. For the temperate trees, there was 
no apparent relationship between successional status and the degree of 
change in SG across the trunk. Species classified as intolerant or very intol­
erant (Baker 1950, Harlow and Harrar 1958, Preston 1948) showed a de­
crease (Aralia spinosa), an increase (Liriodendron tulipifera), or no signifi­
cant change in SG (Liquidambar styraciflua. Magnolia acuminata, Populus 
deltoides, Salix nigra. Sassafras albidum ). Tolerant and intermediate 
species (Ilex opaca, Morus rubra, Oxydendrum arboreum. Magnolia gran­
diflora) showed no significant changes.
The presence of significant linear increases in SG in 16 of the 20 tropical 
species but in only 2 of the 17 temperate species, combined with the much 
larger magnitudes of change in the tropical species, suggests that selective 
pressures on wood formation and trunk development in the two regions 
have been different. There are known differences between the hardwoods 
occurring in temperate and tropical forests. Tropical forests regularly con-
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tain species of lower SG (<0.30) and of higher SG (>0.70) than those nor­
mally found in temperate forests (Williamson 1984). The lower SG woods 
are usually colonizers or early successional species, although not all early 
serai species have wood of low SG. Perhaps the rapid growth that ensures 
the success of many low SG colonizers is attained at a cost of reduced 
strength. One mechanism, competition for light, could result in selection for 
rapid growth in height. Such a mechanism could account for the generally 
lower SG of colonizing species when compared with mature forest species 
in either temperate or tropical forests.
Why then are radial increases in SG more prevalent among tropical 
species? One factor may be the scarcity of hardwood species producing low 
SG woods in the temperate zone. Only one such species, Leitneria floridana 
Chapm. (SG = 0.20) occurs in the continental United States north of south 
Florida (Record and Hess 1943). The absence of low SG woods precludes 
any of the exaggerated changes shown by the tropical species of the first 
group (Table 1), which are characterized by innermost wood of SG <0.25. 
However, the absence of low SG woods from temperate forests does not 
explain why the low SG tropical woods exhibit relatively linear increases in 
SG with size. One hypothesis is that competition in second growth habitats 
of the wet tropics is more intense than in the temperate zone. Selection for 
growth in height would favor low SG woods, but the combination of stature 
and low SG is inherently unstable. Therefore, wood of higher SG is pro­
duced as a tree grows larger. At this point, we are unable to determine if the 
increases in SG are a function mainly of size or of age because most tropical 
wet forest species do not show annual growth rings.
Whatever hypothesis accounts for the dramatic SG increases in the colo­
nizing species must also explain the frequency of the increases among ma­
ture forest species, represented by the second and third groups of Table 1. 
Here, innermost wood SG is higher (0.24-0.62) than in the first group and 
more like the innermost wood of the temperate trees. Even so, statistically 
significant SG increases of 20-70% occurred in 10 of the 14 species. By 
contrast, even though both colonizers and mature forest species were in­
cluded among the temperate trees sampled, only 2 of the 17 temperate 
species had significant linear increases (10% and 40%). This strongly sug­
gests that the linear increases in SG found in many tropical trees depend on 
more than just the presence of very low SG wood formed near the pith.
One possible outcome of the radial shift in SG is that colonizing species 
that grow rapidly in gaps and on forest edges may survive in the canopy for 
longer periods if they produce stronger wood as they mature. For example, 
the transition of Ceiba from a fast growing colonizer producing wood of SG 
<0.10 to a canopy emergent producing wood of SG >0.40 suggests that 
success as a colonizer ensures longevity in the mature forest. Wind resis­
tance is considerably more important than the strength needed to support 
the weight of a tree; not only must a stem resist breakage, but it must be 
sufficiently rigid to avoid excessive bending, which could result in crown 
damage (Schniewind 1962). Wind resistance would be especially important 
in emergents, such as Ceiba, whose crowns are exposed.
Putz et al. (1983) found that in a low elevation Panamanian forest, three- 
fourths of downed trees failed due to breaking and that the probability of 
breaking as opposed to uprooting appears to be inversely related to wood 
SG. Moreover, mortality rates were correlated inversely with SG. Schnie­
wind (1962) analyzed the effect of wood SG distribution on bending moment 
and rigidity of tree stems and showed that, given a fixed quantity of wood 
substance, flexural rigidity and maximum resisting moment of a stem in-
M a r c h  1989/ 207
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
24
crease as SG increases more steeply from pith to bark. He noted, however, 
that conduction and storage abilities, which decrease with increase in SG, 
are probably limiting factors. During early periods of growth, total stem 
cross-section is small, and a large proportion of void volume is needed. As a 
stem enlarges, the percent void volume needed is reduced, and SG can in­
crease to achieve maximum mechanical efficiency.
Further study of radial variation in SG is essential, especially given the 
large magnitude of change found in many tropical wet forest species. Al­
though our samples of 1-3 trees per species are insufficient to adequately 
describe the SG pattern for any species, it is evident that dramatic radial 
increases in SG are common enough that one direction of future research on 
tropical woods should be within-tree variability. Results of extensive studies 
of physical properties of tropical woods rarely include radial variation (e.g., 
Record and Hess 1943, Dickinson et al. 1949, Hess et al. 1950, Wangaard 
and Muschler 1952, Wangaard et al. 1954, 1955, Spalt and Stem  1956, van 
der Slooten et al. 1971, Chudnoff 1979). With a better understanding of how 
SG is regulated, manipulation of growth rates, competition or other factors 
may improve the utilization of many species presently considered to be 
worthless or of reduced value due to unacceptable variability in properties.
CONCLUSIONS
The following general trends in wood SG as a function of distance from pith 
are evident for the 20 tropical species of this study:
1. A large proportion (16/20) of the species show a statistically significant linear 
increase in wood SG with increase in distance from pith.
2. The coefficient of determination and the slope of the relationship are higher 
when the first-produced wood is of lower SG.
3. The relationship is strongest among species that colonize light gaps, clearings, 
forest edges, and riversides, although it is significant even in the case of some 
understory and mature forest species.
For the 17 temperate species sampled:
1. A minority (4/17) of the species show statistically significant linear relationships 
between wood SG and distance from pith, and only 2 show SG increases.
2. Very low SG inner wood, common in the tropical pioneers, was not produced by 
any of the temperate species.
3. The most dramatic change occurs in Liriodendron tulipifera, where SG increases 
linearly to a maximum value and then remains constant or decreases slightly.
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WOOD SPECIFIC GRAVITY GRADIENTS IN TROPICAL DRY AND 
MONTANE RAIN FOREST TREES1
M ic h a e l  C. W ie m a n n  a n d  G. B r u c e  W il l ia m s o n
Departm ent o f  Botany, Louisiana State University, Baton Rouge, Louisiana 70803-1705
A B S T R A C T
Pith to bark specific gravity (SG) trends were investigated in 18 tropical dry forest and six 
montane rain forest tree species o f Costa Rica. Eleven dry forest species showed statistically 
significant increases in SG with distance from pith. The increases ranged from 20-80%; the 
greatest changes were exhibited by species which are known to occur in tropical wet as well as 
tropical dry forests. The other seven species showed no change in SG with distance from pith.
O f the m ontane forest species, one showed a significant decrease o f 20%, and three showed 
significant increases ranging from 20-40%. Two species exhibited no change in SG. Comparison 
of these changes with trends found in tropical wet forest and temperate forest suggests that the 
increase in SG with size is most common in tropical wet forest, least comm on in temperate 
forest, and intermediate in tropical dry and montane forests.
In a  p r e v io u s  s t u d y , wood specific gravity 
(SG) was found to increase dramatically (100- 
300%) from pith to bark in three tropical pi­
oneer species (W iem ann and W illiam son,
1988). The increases may be a response to the 
intense com petition  acting upon light-de­
manding species in the tropical wet forest. A 
more extensive survey (20 additional species) 
of trees with low to moderately high SG of the 
tropical wet forest found significant increases 
in SG with distance from pith in 16 species. 
The changes were large (>90%) in six of these 
(20-70%) in the other ten. In 
contrast, a sample of 17 temperate zone (Mis­
sissippi) species contained only four with sig­
nificant relationships between SG and distance 
from pith, and decreases were as common as 
increases (Wiemann and Williamson, 1989). 
Thus, it seems that a continuous linear increase 
in SG with distance from pith may be a com­
mon trend among tropical wet forest species, 
especially those with low to moderate density 
wood. The present paper reports SG trends 
across stems of species of a tropical dry forest 
(Palo Verde. Costa Rica) and a montane rain 
forest (Ojo de Agua. San Gerardo de Dota, and 
Cerro de la Muerte. Costa Rica).
As the best index of wood strength properties 
(Panshin and de Zeeuw. 1980), SG and its pat­
tern within a tree are important in wood uti­
1 Received for publication 15 June 1988; revision ac­
cepted 4 January 1989.
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lization and in understanding stem mechanics. 
According to Schniewind (1962), ability to re­
sist bending moments from wind is a primary 
factor involved in tree survival. Bending re­
sistance is related to tree size and wood strength, 
with allocation of wood substance involving a 
trade-off between stem diameter and wood SG. 
The importance of stem strength to tropical 
tree survival is documented by Putzetal. (1983) 
who found that 75% of fallen trees on Barro 
Colorado Island. Panama, had broken stems, 
whereas the other 25% had uprooted.
M e t h o d s — Pith to bark wood samples were 
collected at breast height or. if buttresses were 
present, at the top of the buttresses, usually by 
means of a 12 mm increment borer but oc­
casionally from disks cut from felled trees. 
Eighteen species were collected from the dry 
forest sites, which have an average annual tem­
perature of 26 C (monthly range 22-33 C), an 
annual rainfall of 125 cm with a six-month dry 
season, and an elevation range of 20-100 m. 
Six species were collected from the montane 
sites, which have an average annual temper­
ature of 10 C (monthly range 7-14 C), an an­
nual rainfall of 300 cm with a three month dry 
season, and an elevation range of 2,500-2,900 
m(Dulin. 1982; Coen. 1983; Hanshom . 1983).
The pith to bark samples were cut into one 
cm lengths, measured from the pith (or central 
hole, in the case of Cecropia). The volume of 
each one cm segment was determined from the 
weight of water it displaced when submerged; 
the samples were oven-dried at 105 C for at 
least 24 hr and then weighed. The basic SG of 
each segment was calculated as ovendry weight 
divided by weight of water displaced by the 
sample in the green condition. For each tree.
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T a b l e  1. Species, number o f  trees sampled (N). diameter, specific gravity o f  old (inner 3 cm) and new (outer 3 cm) 
wood, the new/old ratio, and the intercept, slope, and coejficient o f  determination fo r regressions o f  specific gravity 
on distance from  pith*
Species ,v
Diam
(cm)
Specific yavuy
Observed Regression
Old New
New/
Old Intercept Slope r
Tropical dry forest
Albizia caribaea 1 89 0.30 0.38 1.3 0.30 0.0027 0.31*
Albizia guachapele 2 33 0.60 0.64 1.1 0.58 0.0036 0.20
Astronium graveolens -> 52 0.72 0.78 1.1 0.79 0.0040 0.43
Bombacopsis quinatum 4 70 0.33 0.44 1.3 0.33 0.0050 0.56*
Bursera simaruba 3 37 0.25 0.43 1.7 0.22 0.0137 0.89*
Cecropia peltata 3 33 0.21 0.35 1.7 0.23 0.0097 0.61*
Cedrela odorata 1 77 0.26 0.42 1.6 0.30 0.0045 0.65*
Ceiba pentandra 1 62 0.17 0.31 1.8 0.17 0.0090 0.83*
Cochlospermum vitifolium 5 37 0.16 0.17 1.1 0.16 0.0013 0.25
Enterolobium cyclocarpum T 94 0.26 0.34 1.3 0.30 0.0013 0.08
Guazuma tomentosa 1 36 0.56 0.56 1.0 0.57 0.0005 0.01
Hura crepitans 4 68 0.24 0.40 1.7 0.24 0.0079 0.72*
Licania arborea 1 58 0.54 0.64 1.2 0.53 0.0046 0.78*
Pseudobombax septenatum 5 89 0.21 0.26 1.2 0.20 0.0019 0.27
Sapium thelocarpum 1 48 0.40 0.55 1.4 0.42 0.0069 0.79*
Simarouba glauca 1 28 0.44 0.45 1.0 0.44 0.0007 0.16
Spondias mombin -i 43 0.27 0.45 1.7 0.27 0.0129 0.78*
Slerculia apetala 3 61 0.33 0.42 1.3 0.37 0.0037 0.46*
18-species means 56 0.35 0.44 1.3 0.36 0.0052 0.49
Montane rain forest
Bntnellia costaricensis i 35 0.24 0.35 1.4 0.22 0.0071 0.70*
Nectandra cufondotisii 1 29 0.41 0.49 1.2 0.41 0.0051 0.37
Oreopanax alF. echinops 1 17 0.45 0.54 1.2 0.42 0.0167 0.76*
Oreopanax xalapensis 1 66 0.48 0.53 1.1 0.46 0.0014 0.14
Quercus copeyensis 1 120 0.74 0.61 0.8 0.76 -0 .0033 0.43*
Symplocos sp. 1 26 0.35 0.45 1.3 0.30 0.0119 0.63*
6-species means 49 0.44 0.50 1.2 0.43 0.0065 0.50
* Coefficients o f determination significantly different from zero (P < 0.01) are indicated by *.
SG was plotted as a function of distance from 
pith and a straight line was interpolated by least 
squares regression. The SG’s of the three seg­
ments nearest to the pith were averaged to give 
an estimate of SG of first formed wood (old) 
and the three segments nearest to the bark were 
averaged to give an estimate of SG of most 
recently formed wood (new). The ratio new/ 
old is the actual observed change in SG across 
the radius, the regression intercept gives an 
estimate of old wood SG. and the regression 
slope gives the rate of change in SG across the 
radius. The new/old ratio may depend upon 
tree diameter, but the regression slope is in­
dependent of tree size. The coefficient of de­
termination (r2), calculated for each regression, 
measures the proportion of change in SG ex­
plained by distance from pith. The new/old 
ratio and regression values from different trees 
were averaged for each species.
R e s u l t s — Linear regression was significant 
(P < 0.01) for 11 of the 18 dry forest and 4 of
the 6 montane forest species (Table 1). O f the 
dry forest species. SG increased by 60% or 
more (new/old > 1.6) in Bursera simaruba (L.) 
Sarg.. Cecropia peltata L.. Cedrela odorata L.. 
Ceiba pentandra L. (Gaertn.), Hura crepitans 
L., and Spondias mombin L. For these species, 
more than 60% of the variability in SG was 
explained by distance from pith (rz > 0.6). In 
Albizia caribaea (Urban) Britt., Bombacops's 
quinatum (Jacq.) Dugand. Licania arborea 
Seem., Sapium thelocarpum Schum. & Pitt., 
and Stercidia apetala (Jacq.) Karst., the regres­
sions were significant, but the new/old ratios 
were much lower (1.2-1.4) and the amount of 
variation in SG explained by distance from 
pith varied rather widely (r2 = 0.31-0.79).
No significant linear regression was found 
for the remaining seven dry forest species, Al­
bizia gnachapele (H.B.K.) Little, Astronium 
graveolens Jacq.. Cochlospermum vitifolium 
Willd., Enterolobium cyclocarpiun (Jacq.) Gri- 
seb.. Guazuma tomentosa H.B.K, Pseudobom- 
bax septenatum (Jacq.) Dugand, and Sima-
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rouba glauca DC. This group includes the lowest 
SG wood (Cochlospermum) as well as the high­
est SG wood (.Astronium).
Among the montane rain forest species, lin­
ear regression showed no significant SG change 
in Nectandra cufondotisii (O. C. Schmidt) C. 
K. Allen or Oreopanax xalapensis (H.B.K.) 
Dene. & Planch. There was a significant de­
crease in SG in Quercus copeyensis C. H. Mul­
ler, although the coefficient of determination 
(r2 = 0.43) was rather low. The remaining three 
species, Brunellia costaricensis Standley, Oreo­
panax aff. echinops (S. & C.) Dene. & Planch., 
and Symplocos sp. showed significant regres­
sions with coefficients of determination >0.6 
and specific gravity increases of 20-40%.
D is c u s s io n — The amount of solar radiation 
which reaches the forest floor affects tree seed 
germination and'growth to the sapling stage, 
and continued access to sunlight is essential 
for the survival of many shade-intolerant 
species (Denslow, 1987). In competitive en­
vironments, species requiring long periods of 
intense sunlight may grow rapidly in height in 
order to preclude being overshadowed by en­
croaching vegetation. In rain forest, establish­
ment and growth of some species is largely 
determined by treefall gaps of various sizes, 
with individual species specializing in gaps of 
specific size and spatial distributions (Den­
slow, 1980). Other environments, such as the 
more open tropical dry forests or colder mon­
tane rain forests, have different dynamics, 
species compositions, and degrees of compe­
tition. and tree growth patterns can be expected 
to reflect differences in forest type and mi­
croenvironment.
Of the tropical dry forest trees. 11 of 18 
species (61%) exhibited significant increases in 
SG from pith to bark, and the remaining seven 
species showed no change. Thus, the dry forest 
species are different from temperate hard­
woods which as a group exhibit little pith to 
bark, change in SG. although there are notable 
exceptions (Taylor, 1968. 1979: Taylor and 
Wooten, 1973). Our study of 17 temperate 
species yielded only two with increases and two 
with decreases (Wiemann and Williamson, 
1989). The frequency of increases among 
species of tropical dry forest may be somewhat 
less than those of tropical wet forest, where we 
found increases in 19 of 23 species (83%) (Wie­
mann and Williamson, 1988, 1989). Our small 
sample o f montane forest species indicates sig­
nificant increases in three of the six species 
(50%) and a decrease in one species. Thus, 
radial increase in SG appears to be a common
feature o f tropical trees from a variety of forest 
types. (Statistical comparisons of frequencies 
would be inappropriate because the species 
were not selected randomly.)
The magnitude of the increases in SG of 
tropical dry (20-80%) and montane (20—40%) 
species does not match the large increases in 
some tropical wet forest species (20-270%). 
The number of species in specific gravity change 
classes for the four ecological regions reveals 
that radial SG increases are greatest in tropical 
wet forest, becoming progressively lower in 
tropical dry forest, montane rain forest, and 
mesic temperate forest (Fig. 1). This trend may 
be influenced by differences in average SG’s of 
woods in the four regions and the effect that 
old wood SG would have on new/old ratio. 
Barajas-Morales (1987) presents some evi­
dence that species of tropical dry forests have 
a higher mean SG than species of tropical wet 
forests, although in her study SG was deter­
mined from small heartwood samples, which 
would underestimate average SG for species 
with radial increases in SG. Even within a 
species SG may vary between dry forest and 
wet forest. A comparison o f SG vs. distance 
from pith for dry forest and wet forest trees of 
Ceiba pentandra (Fig. 2) shows that the dry 
forest tree has greater SG wood at every radial 
position, but the slopes of the two plots are 
similar.
The six dry forest species showing the largest 
SG increases (60-80%) exhibited low SG 
(<0.30) of their innermost wood, as evidenced 
by values for old wood (Table 1). Superficially, 
this result parallels the pattern found among 
wet forest species: a strong inverse correlation 
between the slope and the intercept of the SG 
regression on distance from pith. However, for 
the dry forest species the intercept is not sig­
nificantly correlated with slope (r = —0.65. P 
= 0.17), partially because three species of low 
SG (Cochlospermum, Enterolobium, and Pseu- 
dobombax) did not exhibit any significant in­
crease. Therefore, it appears that lower SG is 
a necessary, but not sufficient, condition for 
large radial increase in SG.
It is noteworthy that five of the six dry forest 
species with radial increases in SG of at least 
60% also occur in Costa Rica’s Atlantic low­
land wet forests, although our samples were 
from trees in the Pacific dry forests. The sixth 
species, Cecropia peltata, has two congeners. 
C. obtnsifolia Bertolini and C. insignis Lieb- 
mann, in the wet forest (Standley, 1937; Bur­
ger, 1977). Species of Cecropia are very similar, 
and all are considered to be colonizers of gaps, 
clearings, and forest edges. In contrast, the three
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Fig. 1. Histograms o f frequencies of wood specific 
gravity increase classes, summarized from Table 1 fortrop- 
ical dry and m ontane rain forests and from Wiemann and 
Williamson (1989) for temperate and tropical wet forests.
species o f low SG that did not show any SG 
increase do not occur in the wet forests of the 
Atlantic. Earlier work indicated that almost all 
low SG species in the wet forest exhibit radial 
increases in SG (Wiemann and Williamson,
1989). It is probably not coincidental that dry 
forest colonizers which show significant SG 
increases are successful in wet forest, whereas 
those that do not show SG increases are not 
found in wet forest. Such a result is consistent 
with the hypothesis that a gradual change from 
production of low SG “cheap” wood to pro­
duction ofhigher SG wood enables a tree under 
competition for light to allocate resources to­
ward rapid height growth early in life. The fact 
that adult stature is much greater in tropical 
wet forests than in tropical dry forests suggests 
that competition for light is in fact more intense 
in the wet forests, especially because other fac­
tors known to affect height, such as strong wind 
(Lawton, 1982) are not selective forces at the 
wet or dry sites.
In montane rain forest, no species showed
10  2 0  3 0  4 0  5 0  6 0  70
D f s t a n c o  f r o m  P i t h  ( c m )
Fig. 2. Specific gravity as a function o f distance from 
pith for Ceiba pentandra from a tropical dry forest and a 
tropical wet forest.
large radial increases in SG, although half the 
species exhibited increases. This type of trop­
ical forest is the most comparable to temperate 
forests in species richness and in having woods 
o f intermediate specific gravity (Williamson, 
1984). Genera with representatives in tem­
perate forests (Quercus and Symplocos, for ex­
ample) are present and often dominant. The 
frequency o f increases in SG in this forest sug­
gests a tropical character although the increases 
are similar in magnitude to those of temperate 
forests.
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INTRODUCTION
I n c r e a s e  in  wood s p e c i f i c  g r a v i t y  (SG) w ith  d i s t a n c e  from  p i t h  i s  
a common f e a t u r e  o f  many C o s ta  R ic a n  t r e e  s p e c ie s ,  p a r t i c u l a r l y  th o s e  o f  
lo w lan d  w et f o r e s t  (Wiemann and  W illia m so n  1988, 1989a) b u t  a l s o  t o  a 
l e s s e r  e x t e n t  th o s e  o f  lo w la n d  d ry  f o r e s t  and  m ontane r a i n  f o r e s t  
(Wiemann and  W illia m so n  1 9 8 9 b ) . The change i n  SG w ith  g row th  in  
d ia m e te r  r e p r e s e n t s  a  g r a d u a l  s h i f t  from  p ro d u c t io n  o f  weak wood to  
p r o d u c t io n  o f  s t r o n g  wood, s in c e  SG i s  th e  m ost im p o r ta n t  f a c t o r  in  
d e te rm in in g  wood s t r e n g t h  (D esch and  D inw oodie 1 9 8 1 ). In  p re v io u s  
s t u d i e s  (Wiemann and  W illia m so n  1988, 1 9 8 9 a ,b ) l a r g e  (>50%) in c r e a s e s  
w ere fo u n d  i n  o n e - h a l f  (12 o f  23) o f  th e  w et f o r e s t ,  o n e - th i r d  (6 o f  18)
o f  th e  d ry  f o r e s t ,  and  none (0  o f  6) o f  th e  m ontane f o r e s t  s p e c ie s
sam p led . The d ry  f o r e s t  s p e c ie s  show ing th e  l a r g e s t  SG in c r e a s e s  w ere 
s p e c ie s  a l s o  fo u n d  i n  w et f o r e s t ,  o r ,  i n  th e  c a s e  o f  C e c ro p ia . h ad  
c o n g e n e rs  i n  w e t f o r e s t .  T r o p ic a l  w et f o r e s t s  may h av e  a g r e a t e r  
p r o p o r t i o n  o f  v e ry  low SG woods th a n  do t r o p i c a l  d ry  f o r e s t s
(B a ra ja s -M o ra le s  1 9 8 7 ), a f a c t o r  a f f e c t i n g  th e  p r o p o r t io n  o f  t r e e s  w hich
a r e  a b le  to  e x h i b i t  l a r g e  in c r e a s e s  i n  SG.
A l lo c a t io n  o f  r e s o u r c e s  from  r a p id  h e ig h t  g row th  when young to  
p r o d u c t io n  o f  s t r o n g e r  wood a s  a  p la c e  i n  th e  canopy i s  a t t a i n e d  may be 
a  re s p o n s e  by some s h a d e - i n to l e r a n t  t r o p i c a l  t r e e s  to  in te n s e  
c o m p e t i t io n  f o r  l i g h t .  S u rv iv a l  o f  young t r e e s  depends p r im a r i l y  on 
o b ta in in g  an  a d e q u a te  s u p p ly  o f  l i g h t ,  b u t  o ld e r  t r e e s  r e q u i r e  stem s 
c o n s t r u c te d  s t r o n g ly  enough to  s u p p o r t  t h e i r  g r e a t e r  m ass and l a r g e r  
crow ns. C o n c e n tr a t io n  o f  d en se  wood a t  a g r e a t  d i s t a n c e  from  th e
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n e u t r a l  a x i s  o f  a  s tem  ( th e  p i t h ,  i n  a  s y m m e tr ic a l  t r e e )  m ig h t b e  an  
i d e a l  m eans f o r  c o n s t r u c t i n g  a  s t r o n g ,  r i g i d  stem  from  a  g iv e n  am ount o f  
m a t e r i a l .  Such a  c o n s t r u c t i o n  i s  t y p i c a l l y  fo u n d  i n  a r b o r e s c e n t  p a lm s . 
F or ex am p le , R ich  (1987) r e p o r t e d  t h a t  th e  b a s i c  SG o f  i n n e r  s tem  t i s s u e  
was 0 .1  i n  I r i a r t e a  g ig a n te a  W endl. ex  B u r r e t  an d  0 .3  i n  W e lf ia  E e o r g i i  
W endl. ex  B u r r e t ;  th e  b a s i c  SG o f  o u t e r  t i s s u e  i n  b o th  s p e c ie s  was 1 .0 .
The r e l a t i o n s h i p  o f  m e c h a n ic a l p r o p e r t i e s  to  SG d ep en d s upon th e  
p r o p e r ty  u n d e r  c o n s id e r a t i o n .  B ecau se  wood i s  p ro b a b ly  s u b je c t e d  to  
b e n d in g  more th a n  any o th e r  s t r e s s , one o f  th e  m ost u s e f u l  t e s t s  i s  
s t a t i c  b e n d in g , i n  w h ich  a  sp ec im en  i s  s u p p o r te d  o v e r  a  sp a n  and  a lo a d  
i s  a p p l i e d  a t  th e  m id p o in t b e tw een  th e  s u p p o r ts  a t  a  c o n s t a n t  r a t e .  
P r o p e r t i e s  t h a t  can  b e  d e te rm in e d  from  t h i s  t e s t  in c lu d e  m odulus o f  
e l a s t i c i t y  (MOE) and  m odulus o f  r u p t u r e  (MOR). MOE i s  a  m easu re  o f  
s t i f f n e s s  ( i . e . ,  th e  a b i l i t y  t o  r e s i s t  b e n d in g ) ,  w h e reas  MOR i s  a  
m easu re  o f  u l t im a t e  s t r e n g t h  (D inw oodie 1981 , D esch and  D inw oodie 1 9 8 1 ). 
L in e a r  c o r r e l a t i o n  c o e f f i c i e n t s  o f  s t a t i c  b e n d in g  p r o p e r t i e s  a s  a  
f u n c t io n  o f  SG f o r  92 t r o p i c a l  A m erican  s p e c ie s  t e s t e d  a t  Y a le  
U n iv e r s i t y  (D ic k in so n  e t  a l .  1949; H ess e t  a l .  1950; W angaard an d  
M u sch le r 1952; W angaard, K o e h le r  an d  M u sch le r 1954; W angaard , S te r n  and  
G o o d rich  1955) a r e  0 .8 9  f o r  MOE and  0 .9 5  f o r  MOR. W ith in  a  s p e c ie s ,  
D r a f f in  and  M uhlenbruch  (1937) and  W iepk ing  an d  D oyle (1 9 4 4 ) fo u n d  SG to  
be an  e x c e l l e n t  p r e d i c t o r  o f  MOE and  MOR b a s e d  on th e  r e s u l t s  o f  t h e i r  
b e n d in g  t e s t s  on d ry  b a l s a  o f  v a r i a b l e  SG.
The e f f e c t  o f  SG on m e c h a n ic a l p r o p e r t i e s  i s  n o t  th e  same f o r  a l l  
a r b o r e s c e n t  p l a n t  g ro u p s  due to  a n a to m ic a l ,  s t r u c t u r a l  and  c h e m ic a l 
d i f f e r e n c e s  among th e  g ro u p s . I n  g e n e r a l ,  f o r  a  g iv e n  SG, te m p e ra te  US
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so ftw o o d s  a r e  s t i f f e r  and  s t r o n g e r  i n  b e n d in g  th a n  te m p e ra te  US 
hardw oods ( F o r e s t  P ro d u c ts  L a b o ra to ry  1 9 8 7 ). W angaard and  M u sch le r 
(1952) fo u n d  t r o p i c a l  A m erican  hardw oods to  b e  s t r o n g e r  i n  b e n d in g  th a n  
te m p e ra te  US hardw oods o f  e q u a l  SG. And i n  two s p e c ie s  o f  p a lm s , R ich  
(1987) fo u n d  MOE and  MOR to  be  r e l a t e d  to  th e  2 .4 6  and  2 .0 5  pow ers o f  
SG, r e s p e c t i v e l y ,  r a t h e r  th a n  b e  a p p ro x im a te ly  l i n e a r l y  r e l a t e d  a s  i s  
th e  c a s e  w ith  d ic o ty le d o n o u s  t r e e s .  T h e re fo re  i t  i s  im p o r ta n t  to  b a se  
c o n c lu s io n s  a b o u t s tem  m ec h a n ic a l s t r u c t u r e  on d i r e c t  t e s t i n g  r a t h e r  
th a n  to  g e n e r a l i z e  from  m odels t h a t  may n o t  b e  a p p r o p r i a t e  to  th e  
p a r t i c u l a r  c l a s s  o f  t r e e s  u n d e r c o n s id e r a t i o n .  V ery  l a r g e  p i t h  t o  b a rk  
v a r i a b i l i t y  m akes p io n e e r s  o f  t r o p i c a l  w e t f o r e s t s  a  c l a s s  w h ich  
j u s t i f i e s  s tu d y  a s  a  d i s t i n c t  g ro u p .
The h ig h  c o r r e l a t i o n  b e tw een  m e c h a n ic a l p r o p e r t i e s  and  SG i s  
g e n e r a l l y  a t t r i b u t e d  to  th e  c o n t r i b u t i o n  o f  f i b e r  w a l l  th i c k n e s s .  
However, o th e r  f a c t o r s  a r e  im p o r ta n t  i n  d e te r m in in g  m e c h a n ic a l  
p r o p e r t i e s . Among th e s e  a r e  c e l l  l e n g th  and  th e  am ount o f  o v e r la p  o f  
c e l l s ,  th e  r e l a t i v e  t h ic k n e s s e s  o f  c e l l  w a l l  l a y e r s  and  th e  m i c r o f i b r i l  
a n g le s  i n  e a c h ,  th e  r e l a t i v e  p r o p o r t io n s  o f  th e  v a r io u s  wood a n a to m ic a l 
e le m e n ts  ( v e s s e l  e le m e n ts ,  r a y  c e l l s ,  a x i a l  p a ren ch y m a, f i b e r s )  and 
t h e i r  a r ra n g e m e n t,  an d  p r o p o r t io n s  o f  c e l l u l o s e ,  l i g n i n  and  e x t r a c t i v e s  
(D esch and  D inw oodie 1981, P a n sh in  and  de Zeeuw 1 9 8 0 ). M ic ro sc o p ic  
e x a m in a tio n  o f  wood sam p les  can  p ro v id e  much in f o r m a t io n  t h a t  can  be 
u se d  to  r e l a t e  anatom y to  m e ch a n ica l p r o p e r t i e s .
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MATERIALS AND METHODS
M ech an ica l P r o p e r t i e s
To c o l l e c t  m a t e r i a l  f o r  m ec h a n ic a l t e s t i n g  ( s t a t i c  b e n d in g ) , s i x  
t r e e s ,  r e p r e s e n t in g  f o u r  C o s ta  R ican  p io n e e r  s p e c i e s ,  w ere f e l l e d .  T e s t  
m a te r i a l  came from  one t r e e  e a ch  o f  Hampea a p p e n d ic u la ta  (Donn. Sm.) 
S ta n d i ,  and  H e lio c a rp u s  a p p e n d ic u la tu s  T u rc z . from  S a n ta  E le n a , one t r e e  
ea ch  o f  C e c ro p ia  i n s i g n i s  Liebm . from  P u eb lo  Nuevo de S a r a p iq u i  and  
H e lio c a rp u s  a p p e n d ic u la tu s  from  C asa B lan ca  de C a r ta g o ,  an d  two t r e e s  o f  
Ochroma p y ra m id a le  (C av. ex  Lam .) U rban from  P u eb lo  Nuevo de S a r a p iq u i .
The S a n ta  E len a  s i t e ,  a t  an  e l e v a t io n  o f  1400 m, h a s  a  mean 
te m p e ra tu re  o f  20°C, an  a n n u a l r a i n f a l l  o f  2500 mm, an d  a  t h r e e  m onth 
d ry  s e a s o n . P u eb lo  Nuevo i s  a  low e l e v a t io n  s i t e  (<100 m) w i th  a  mean 
te m p e ra tu re  o f  24°C, an  a n n u a l r a i n f a l l  o f  4000 mm, an d  no d ry  s e a s o n . 
C asa B la n c a , a t  an  e l e v a t i o n  o f  1500 m, h a s  a  mean te m p e ra tu re  o f  15°C, 
an  a n n u a l r a i n f a l l  o f  2500 mm, and  a  f o u r  m onth d ry  s e a s o n  (D u lin  1982, 
Coen 1 9 8 3 ).
A d d i t io n a l  t r e e s  o f  e a ch  s p e c ie s  from  ea c h  s i t e  w ere  sam p led  to  
c o n f irm  t h a t  r a d i a l  SG ch an g es  conform ed to  th e  p a t t e r n s  e x p e c te d  b a se d  
on p re v io u s  w ork . I n  th e s e  t r e e s ,  c o re s  w ere ta k e n ,  w i th  a  12 mm 
in c re m e n t b o r e r ,  from  th e  b a r k  t o  th e  t r e e  c e n te r  ( i . e . ,  th e  p i t h  o r ,  in  
th e  c a s e  o f  C e c r o p ia . t h e  c e n t r a l  h o l e ) .  T hese  c o r e s  w ere c u t  i n to  one 
cm segm en ts m easu red  from  th e  t r e e  c e n te r .  The g re e n  volum e o f  each  
segm ent was d e te rm in e d  b y  w a te r  d is p la c e m e n t,  th e  seg m en ts  w ere d r i e d  a t  
103°C f o r  a t  l e a s t  24 h o u r s ,  and  w eighed . B a s ic  SG was c a l c u l a t e d  f o r  
e a ch  segm ent a s  o v e n -d ry  w e ig h t d iv id e d  by  th e  w e ig h t  o f  w a te r  d i s p la c e d  
by i t s  g re e n  volum e.
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B u tt  lo g s  (b e tw een  one and  two m above th e  t r e e  b a s e )  w ere  rem oved 
from  th e  f e l l e d  t r e e s  to  p ro v id e  sp ec im en s f o r  s t a t i c  b e n d in g  t e s t s  
(F ig u re  1 ) .  A p la n k  6 cm t h i c k  w ith  th e  p i t h  a p p ro x im a te ly  a t  th e  
c e n te r  was c u t  from  a c r o s s  th e  d ia m e te r  o f  e a c h  lo g  c o l l e c t e d .  Wood on 
a l t e r n a t e  s id e s  o f  th e  p i t h  was l a b e l e d  p lu s  o r  m in u s. A n a rro w  s t r i p  
to  p ro v id e  sam p les  t o  d e te rm in e  th e  r a d i a l  g r a d ie n t  i n  SG was c u t  from  
one end  o f  ea ch  p la n k  T h is  s t r i p  was c u t  down to  a p p ro x im a te ly  1 .5  cm 
in  w id th  and  h e i g h t .  I t  was th e n  c u t  i n to  one cm l e n g th s  (m easu red  from  
th e  c e n te r  o f  th e  t r e e )  an d  t r e a t e d  in  th e  same m anner a s  th e  seg m en ts 
o b ta in e d  from  in c re m e n t b o r in g s .
S t a t i c  b e n d in g  sp ec im en s 3 cm X 3 cm X 50 cm lo n g  w ere c u t  a t  4 cm 
r a d i a l  i n t e r v a l s  from  th e  re m a in in g  m a te r i a l  (F ig u re  1 ) .  The 3 cm X 3 
cm X 50 cm sp ec im en s  w ere  p re p a re d  and t e s t e d  f o r  m e c h a n ic a l p r o p e r t i e s  
a c c o rd in g  to  ASTM D 1 4 3 -5 2 , P a r t  I I .  S eco n d ary  M ethods (ASTM 1 9 8 0 ).
They w ere  m i l l e d  t o  f i n a l  d im en s io n s  o f  a p p ro x im a te ly  2 .5  cm X 2 .5  cm X 
41 cm, w ith  c a r e  b e in g  ta k e n  to  a v o id  c r o s s - g r a i n .  The p r e c i s e  d i s t a n c e  
from  th e  p i t h  o f  th e  t r e e  t o  th e  c e n te r  o f  ea ch  sp ec im en  was r e c o rd e d .  
R a d ia l  and  t a n g e n t i a l  d im en s io n s  a t  th e  ends and  c e n te r  o f  e a c h  sp ec im en  
w ere m easu red  u s in g  c a l i p e r s ,  le n g th  was m easu red  w ith  a  ta p e  m easu re , 
and  ea ch  one was w e ig h ed . The sp ec im en s w ere s e a le d  i n  p l a s t i c  b ag s  and 
s t o r e d  i n  a r e f r i g e r a t o r  u n t i l  t e s t i n g .
P r i o r  to  t e s t i n g ,  sp ec im en s w ere c o n d i t io n e d  to  room te m p e ra tu re  
w h ile  s e a le d  in  p l a s t i c  b a g s . The s t a t i c  b e n d in g  t e s t s  w ere p e rfo rm e d  
on th e  g re e n  sp ec im en s  u s in g  an  I n s t r o n  Model 1125. The sp a n  l e n g th  was 
35 . 2  cm, and  sp ec im en s  w ere c e n te r  lo a d e d  on t a n g e n t i a l  f a c e s .  Load was 
a p p l i e d  c o n t in u o u s ly  a t  a  c ro s s h e a d  sp eed  o f  1 . 2 7  mm/min. to  beyond
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b a r k
Figure 1. Sampling locations of static bending test 
specimens.
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maximum load; load and deflection were recorded continuously on a chart 
recorder.
Immediately following static bending tests, a 2 cm long sample was 
cut from each end of each specimen. These were weighed, their volumes 
were measured by water displacement, and they were dried for two days at 
103° C. Moisture content (MC) at test and basic SG were calculated for 
each sample, and values were averaged for paired samples to determine MC 
and SG for each static bending specimen.
Analysis of the plots of load versus deflection gave the slope of 
the elastic (straight-line) portion of the load/deflection curve and the 
maximum load supported by the specimen. MOE and MOR were calculated for 
each beam, using the following formulas.
MOE - Sl3/4wh3 MOR = 3Pl/2wh2
where:
MOE - modulus of elasticity in static bending (kg/cm2)
MOR = modulus of rupture in static bending (kg/cm2)
S = slope of linear portion of load/deflection curve (kg/cm)
P = maximum load at failure (kg)
1 = span (35.2 cm) 
w = specimen width (cm) 
h = specimen height (cm)
Microscopy
Wood samples of Hampea appendiculata. Heliocarpus appendiculatus 
and Ochroma pyramidale from previous SG studies were used for scanning 
electron microscope (SEM) examination. One cm long segments, of known 
SG and distance from pith, were saturated in 50% ethanol. Approximately
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0.5 cm cubes were prepared from the segments, with true transverse, 
tangential and radial surfaces cut by razor blade. The cubes were 
dehydrated using ethanol-acetone series, they were mounted on stubs with 
colloidal graphite, and were coated with gold-palladium in a Hummer II 
sputter coater. Observations were made using a Hitachi S-500 scanning 
electron microscope at 25 kv. Micrographs were taken using Kodak Tri-X 
ortho film.
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RESULTS AND DISCUSSION
Linear regression of SG vs distance from pith was significant 
(p<0.01) for all of the trees measured (Table 1). The wood SG was 
somewhat higher in trees of the Santa Elena and Pueblo Nuevo sites when 
compared with wood of the same species (Hampea. Heliocarpus. Ochroma) 
from the wet forest site'’ of previous studies (Wiemann and Williamson 
1988, 1989a). In every tree sampled SG increased by at least 40% from 
pith to bark; the average increase for all trees was 110%.
For the static bending samples, moisture content at test ranged 
from 80% to 360%. The calculated values of MOE and MOR for each 
specimen are recorded in Table 2 . These values are plotted as a 
function of specimen SG in Figures 2 (MOE) and 3 (MOR). The linear 
correlation coefficients are 0.97 for MOE and 0.98 for MOR. Thus it is 
obvious that SG is a very strong predictor of bending properties in 
these species.
Examination of SEM micrographs of cross-sections of Ochroma 
pyramidale (Figure 4), Heliocarnus appendiculatus (Figure 5) and Hampea 
appendiculata show that vessel volume is greater in the higher SG wood. 
More striking, however, is the increase in cell wall thickness with 
greater SG. Near the pith, the xylem is composed almost entirely of 
rays, vessel elements, and thin-walled axial parenchyma. With increase 
in distance from pith, the proportion of fibers increases steadily, as 
does fiber cell-wall thickness. Figure 6 shows micrographs of a cross- 
section and radial section of Heliocarpus appendiculatus. The cross- 
section (A) shows bands of cells with large cavities alternating with 
bands of cells with smaller cavities. These correspond to axial
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Table 1. Tree species and collection site, tree number, diameter, 
specific gravity of the old wood (inner 3 cm), new wood (outer 3 cm), 
the new/old ratio, the regression equation of specific gravity (Y) on 
distance from pith (X), and the coefficient of determination (r2) for 
individual trees and averages for each species at each site. The 
symbols + and - indicate opposite sides along the diameters of trees 
felled for mechanical testing. Collection sites are Santa Elena (SE), 
Casa Blanca (CB), and Pueblo Nuevo (PN). All coefficients of 
determination are significantly different from zero, p<0.01.
Specific Gravity
Species & Tree Dia. Observed Linear Regression
Site No. (cm) Old New Ratio Regression r2
Hampea 1+ 50 0.18 0.32 1.8 Y=0.154+0.007X 0.73
(SE) 1- 0.18 0.34 1.9 Y=0.176+0.011X 0.72
2 44 0.20 0.29 1.5 Y=0.169+0.005X 0.67
3 48 0.22 0.34 1.5 Y=0.184+0.007X 0.78
4 44 0.23 0.42 1.8 Y=0.236+0.009X 0.91
5 48 0.20 0.37 1.9 Y=0.213+0.008X 0.78
6 36 0.23 0.37 1.6 Y=0.216+0.012X 0.87
Average 0.21 0.35 1.7 Y=0.197+0.008X 0.79
Heliocarpus 7+ 49 0.10 0.22 2.2 Y=0.070+0.007X 0.74
(SE) 7- 0.17 0.24 1.4 Y=0.145+0.006X 0.79
8 49 0.09 0.24 2.7 Y=0.021+0.005X 0.66
9 56 0.08 0.29 3.6 Y=0.126+0.006X 0.68
10 37 0.13 0.33 2.5 Y=0.048+0.013X 0.72
Average 0.11 0.28 2.6 Y=0.076+0.008X 0.71
Heliocarpus 11+ 33 0.08 0.19 2.4 Y=0.056+0.009X 0.69
(CB) 11- 0.08 0.29 3.6 Y=0.024+0.026X 0.90
12 44 0.09 0.34 3.8 Y=0.052+0.015X 0.98
Average 0.08 0.29 3.4 Y=0.046+0.016X 0.89
Cecropia 13+ 58 0.24 0.34 1.4 Y=0.261+0.005X 0.73
(PN) 13- 0.23 0.33 1.4 Y=0.263+0.003X 0.42
14 37 0.21 0.43 2.0 Y=0.205+0.012X 0.87
Average 0.22 0.38 1.7 Y=0.234+0.008X 0.72
Ochroma 15+ 48 0.15 0.30 2.0 Y=0.163+0.009X 0.77
(PN) 15- 0.16 0.35 2.2 Y=0.182+0.009X 0.76
16+ 38 0.15 0.24 1.6 Y=0.100+0.008X 0.63
16- 0.15 0.26 1.7 Y=0.123+0.009X 0.75
17 45 0.17 0.28 1.6 Y=0.156+0.007X 0.76
18 48 0.16 0.30 1.8 Y=0.120+0.012X 0.69
Average 0.16 0.29 1.8 Y=0.140+0.009X 0.73
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Table 2. Test specimen number, distance from pith (DIST), basic 
specific gravity (SG), and moduli of elasticity (MOE) and rupture (MOR) 
in static bending for one tree each of Cecronia insignis and Hampea 
appendiculata and two trees each of Heliocarpus appendiculatus and 
Ochroma pvramidale.
Species DIST
cm
SG MOE
kq/cm2
MOR
ka/cm2
Cecropia
Hampea
2.4 0.27 31500 228
6.0 0.30 46900 281
6.3 0.30 48400 320
10.1 0.36 55000 392
10.4 0.32 47000 348
13.8 0.34 50500 337
14.3 0.39 63300 375
18.0 0.35 54000 390
18.0 0.39 60900 432
21.6 0.36 59900 362
1.6 0.19 9000 131
2.5 0.18 12500 125
6.2 0.21 26200 183
6.5 0.24 30400 206
10.3 0.25 33000 208
10.8 0.34 44300 345
13.4 0.40 58900 385
14.0 0.34 45900 300
17.2 0.31 38400 271
18.4 0.38 57500 361
21.8 0.30 42900 262
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Table 2 (continued)
Species
Heliocarpus
Ochroma
DIST
cm
SG MOE
ka/cm2
MOR
ka/cm:
1.8 0.09 5100 45
1.9 0.09 6300 58
2.2 0.07 1400 29
2.2 0.09 1500 36
2.5 0.08 3900 35
2.6 0.07 4000 36
4.8 0.07 1400 17
5.3 0.15 7400 102
5.4 0.10 8700 66
5.9 0.08 3700 28
6.4 0.09 6000 40
6.5 0.12 8600 64
9.5 0.23 18100 148
9.9 0.17 15700 105
10.3 0.20 23800 185
10.4 0.16 14000 102
10.8 0.09 2400 35
13.3 0.24 29100 219
13.8 0.15 18600 112
13.9 0.14 5800 67
14.2 0.12 13300 60
17.1 0.20 19900 148
2.2 0.14 11500 100
2.3 0.11 8100 81
2.3 0.13 9800 88
2.5 0.13 6100 77
5.5 0.12 12000 85
5.5 0.19 21000 150
5.7 0.15 14700 148
5.9 0.22 20500 177
9.7 0.29 38500 322
9.8 0.24 26900 248
9.9 0.13 13600 106
10.7 0.22 24800 212
12.9 0.20 37700 200
13.7 0.27 43500 306
13.9 0.27 32000 232
14.4 0.25 39600 267
17.3 0.24 25600 207
18.0 0.31 52000 326
18.9 0.30 47000 294
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Figure 2. Modulus of elasticity as a function of wood
specific gravity for four tropical pioneer tree 
species, Cecrooia insignis (o), Heliocarpus 
appendiculatus (•), Ochroma pyramidale (□) and 
Hampea appendiculata (■).
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Figure 3. Modulus of rupture as a function of wood
specific gravity for four tropical pioneer tree 
species, Cecropia insiqnis (o), Heliocarpus 
appendiculatus (•), Ochroma pyramidale (□) and 
Hampea appendiculata (■).
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Figure 4. SEM micrographs of cross sections of inner wood 
(0=10 SG) and outer wood (0.44 SG) of Ochroma 
pyramidale at low and high magnifications. Bar 
length is 500 /xm in A and B, 10 /xm in C and D.
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Figure 5. SEM micrographs of cross sections of inner wood 
(0.09 SG) and outer wood (0.21 SG) of 
Heliocarpus appendiculatus at low and high 
magnifications. Bar length is 500 im in A and 
B, 50 fim in C and D.
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parenchyma cells and fibers, respectively, as can be seen in the radial 
section (B). These observations are identical to those of Hill (1949), 
who found the volume of heavy (ovendry SG - 0.160), intermediate weight 
(ovendry SG = 0.105) and light weight (ovendry SG - 0.069) balsa to 
consist of 48%, 33% and 26% fibers, respectively. Thus it seems that 
young trees produce xylem composed primarily of thin-walled parenchyma. 
The biomass produced at this stage may be allocated toward height growth 
as the tree attempts to secure a place in the canopy and continued 
access to light. With age, allocation shifts to production of thicker- 
walled fibers to provide the structural support required by the 
otherwise unstable stem and crown. The strength of the wood produced 
increases proportionally with cell wall thickness. The overall strength 
effect on a stem of the production of strongest wood in the outermost 
growth increments may be curvilinear, however, since the moment of 
inertia of a ring of tissue about the central axis is proportional to 
the square of its radius (Timoshenko and MacCullough 1949). The amount 
of deflection under load is inversely proportional, and the total load a 
beam can withstand is directly proportional, to moment of inertia 
(Timoshenko 1955, Wangaard 1950).
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CONCLUSIONS
In the tropical pioneers studied:
1. Wood SG increased linearly with distance from pith. The average 
rate of increase in SG per cm of radius was 0.008 in Hamnp.a 
appendiculata and Heliocarpus appendiculatus from Santa Elena and 
Cecropia insignis from Pueblo Nuevo, 0.009 in Ochroma pvrami dal ft 
from Pueblo Nuevo, and 0.016 in Heliocarpus appendiculatus from Casa 
Blanca. The smallest average pith to bark increase was 70% in 
Hampea and Cecropia: the largest was 240% in Heliocarpus from Casa 
Blanca.
2. Stiffness, as measured by MOE in static bending, is linearly 
correlated to wood SG (r=0.97) for the four species taken together.
3. Strength, as measured by MOR in static bending, is linearly 
correlated to wood SG (r=0.98) for the four species.
4. Microscopic examination shows that increase in SG is primarily due 
to increase in cell wall thickness. Fibers are sparse near the 
pith. Proportion of fibers and fiber wall thickness gradually 
increase with distance from pith.
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CONCLUSIONS
For the overwhelming majority of tree species studied world-wide, 
wood specific gravity (SG) changes by less than 50% from pith to bark, 
excluding within-ring variation in some gymnosperms and ring-porous 
angiosperms. However, a few reports of SG variation in Costa Rican 
trees found unusually large SG increases with distance from pith in 
colonizers of wet forest (Whitmore 1973, Crease et al. 1982, Williamson 
1982). The changes exceeded 300% in large trees of some species.
Species confined to dry forest, in contrast, did not show large 
increases (Moad et al. 1983).
The research of this dissertation was an effort to determine the 
kinds of trees that show extreme changes in SG and the habitats in which 
they occur. It was primarily inductive, intended to determine patterns 
and formulate hypotheses. Tropical wet forest, tropical dry forest and 
montane rain forest of Costa Rica were compared with each other and with 
a temperate hardwood forest in Mississippi. Emphasis was placed on 
finding pioneer species, but some understory and later-successional 
species were also sampled. Because species were sampled non-randomly, 
few statistical tests were used.
In tropical wet forest, pith to bark SG increases are greatest 
(>100% in large trees) in species that colonize gaps, clearings, 
riversides and forest edges. Trees of these species produce very low SG 
wood when young and increase SG, seemingly indefinitely, throughout 
their lifetimes. Other wet forest species with significant linear 
regressions of SG as a function of distance from pith have smaller SG 
increases from pith to bark, mainly due to greater SG of wood near the
55
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pith. Wet forest trees with non-significant regressions or low 
coefficients of determination (<0.5) are shade tolerant species.
In dry forest overall, pith to bark increases in SG are lower than 
the increases in wet forest. The greatest changes are in species which 
are also found as colonizers in wet forest. This suggests that large 
increase in SG with diameter growth is a genetic characteristic of some 
wet forest trees that is expressed in dry forest as well. Pith to bark 
gains in SG in these species are somewhat lower in dry forest 
representatives, at least partly because wood adjacent to pith has 
higher SG when compared to that of wet forest representatives. Dry 
forest species that do not show significant regressions of SG as a 
function of distance from pith are absent or rare in wet forest.
Montane forest species as a group have smaller changes in SG than 
wet or dry forest species. The only tropical species of this study to 
show an overall decrease in SG with distance from pith is found in 
montane forest.
Of the temperate forest species studied, fewer than 25% show 
significant linear regressions of SG as a function of distance from 
pith, and half of these are decreases. The greatest overall SG increase 
of any of the temperate species is only 40%. Shade tolerance is 
unrelated to SG pattern in temperate forest species.
The finding of significant linear increase in SG with distance 
from pith in many of the tropical species sampled, in contrast with the 
scarcity of such increases in temperate species, suggests that different 
selection processes are acting in tropical forests when compared with 
temperate forests. Competition for light is probably a major factor
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selecting for SG pattern. In the highly competitive tropical wet 
forest, shade intolerant colonizers of gaps and clearings must grow 
rapidly if they are to ensure themselves of continued access to light in 
a rapidly closing canopy. Selection in these circumstances is toward 
production of low SG wood and rapid height growth. To avoid instability 
with increase in stature, diameter growth is accompanied by gradual 
increase in wood SG.
Competition for full sunlight is less critical for species with 
greater shade tolerance, and is reduced in the more open dry forests and 
cooler montane forests. In general, shade tolerant species and species 
confined to the less light competitive environments produce wood of 
greater SG when young and increase SG less, if at all, with growth in 
diameter.
Testing of wood from tree species showing large increases in SG 
from pith to bark confirms that strength and stiffness are proportional 
to SG. Increases in the percentage and wall thickness of fibers, which 
are the main mechanical elements of angiosperms, account for the greater 
SG, strength and stiffness.
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